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CURRICULUM VZTAE - PROF, DR. HERJAN J.T. COELINGH BENNINK 



Personal details 
Name: 

Christian names: 

Date/place of birth: 

Nationality: 

Marital status: 

Children: 

Hobbies: 

Address: 



Coelingh Bennink 

Herman Jan Tijmen (Herjan) 

14-03-1943, Winterswijk, The Netherlands 

Dutch 

Widower; remarried 

Three daughters born 1968, 1969, 1971 and eight grandchildren 

Music (passive), Art, Literature 

Business: 

Pantarhei Bioscience 

P.O. Box 464 

3700 ALZeist 

The Netherlands 

Tel: +31-(0)30-6985020 

Fax; +31-(0)30-6985021 

E-mail: hcb@pantarheibio.com 

Home: 

Duinroos 3 

2202 DA Noordwijk 

The Netherlands 

Tel: +31-(0)71-3619669 



Education/Training 

1955 - 1960: 
1960 - 1966: 
1967 - 1969 (Feb. 26): 
1967 - 1969: 

1969 - 1970: 
1971: 

1971 - 1976: 
June 1, 1976: 



High School, Thorbecke Lyceum, Utrecht 

Medical School University of Utrecht (doctoral degree) 

Medical Degree, Erasmus University, Rotterdam 

Medical Assistant, Dept. of Cell Biology, Stichting Klinisch Hoger 

Onderwijs, Erasmus University, Rotterdam 

Residency in Internal Medicine, St. Geertruiden Hospital, Deventer 

Residency in Internal Medicine, Department of 

Immunohaematology, Bloodbank, Leiden 

Residency in Obstetrics and Gynaecology, 

Academic Hospital, Utrecht 

Registration as Medical Specialist in Obstetrics and Gynaecology 



Additional training 

1974: 



Fellowship, Centre for Research in Reproductive Biology, University 
of Michigan, Ann Arbor, USA (Prof. SJ. Behrman) 



Languages 

English: 

German: 

French: 



Fluent in speaking and writing 
Working knowledge 
Working knowledge 



Medical positions 

1976 - 1985: Head of Department of Reproductive Medicine and Obstetrics, 

Department of Obstetrics and Gynaecology, Academic Hospital, 
Utrecht 

1985 - 1987: Private practice, Juliana Hospital, Veenendaal 

1987 - 2000: Several positions at Organon International (see addendum) 

1997 - 2005 Professor of Reproductive Medicine, Free University, Brussels 

(Heads Prof. P. Devroey and Prof. A. van Steirteghem) 
Per October 1, 2000: CEO and President, "Pantarhei Bioscience" 



Scientific experience 

University: 

PhD thesis: 
Papers: 
Books: 
Referee: 



Gestational diabetes, Prolactin, GnRH, PCOS, 

Anorexia Nervosa, IVF 

Gestational Diabetes, University of Utrecht 

More than 120 publications in peer reviewed journals 

Editor of 5 books on Reproductive Medicine 

Regular referee for "Human Reproduction", "Maturitas" and 

the European Journal of Obstetrics, Gynecology and 

Reproductive Biology 
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ADDENDUM TO CV OF PROF. HERJAN J.T. COELINGH BENNINK (HCB) 



Research and Development activities at Organon International 



In March 1987 HCB joined Organon after a University career as Assistant Professor in Obstetrics and 
Gynaecology, specialized in Reproductive Medicine (RM). 

In his first year at Organon he reorganized the internal International Monitoring Organization and 
introduced Good Clinical Practice (GCP). 

From 1988 until early 1997 he reorganized and managed the RM Clinical Development Department 
consisting of three groups: Contraception, Infertility and Hormone Replacement Therapy (HRT). He 
has been responsible for the management and scientific content and quality of on average about 25 
clinical RM projects running at 250-300 sites all over the world at any given time. 
HCB has initiated and supervised the clinical development of new regimens of combined oral 
contraceptives, progestagen only pills (POP), new progestagens, a progestagen implant, new IUD's, a 
combined contraceptive vaginal ring, antiprogestagens, hormonal male contraception, new urinary 
gonadotrophins, recombinant human FSH, a GnRH antagonist, new recombinant gonadotrophins, 
tissue specific steroids for HRT and more conventional estrogen replacement regimen. During his 
Directorship of Clinical RM R&D he has completed six phase III projects, comparable to NDA's; two on 
Contraception (Implanon® and the Desogestrel (DSG) POP Cerazette®), two on Infertility (RecFSH; 
Puregon®/Follistim® and the GnRH antagonist ganirelix (Antagon®) and two on HRT (Livial® and 
DSG/E2 sequential). HCB has brought the standards of Organon's clinical RM-R&D at the appropriate 
scientific level, comparable to the highest university standards, confirmed by a rapidly increasing 
number of peer-reviewed publications in major RM-journals. 

Since early 1997 HCB has been responsible for Organon's complete RM-R&D as Director of the RM- 
Programme. This included shared responsibility for the pipeline, the strategy, the innovative genomics 
oriented research in biotechnology, biochemistry, pharmacology, pharmacy, toxicology and drug 
metabolism, but also for the clinical development, technology, production and registration of new RM 
compounds. 

During the first half of 1997 HCB has prepared a plan to innovate Organon's RM research. New 
concepts were introduced in all three areas of RM, supervised by a Programme Research Committee 
under his chairmanship. In 2000 in preclinical and clinical development 16 RM projects were running, 
supervised and managed by five International Project Managers who reported to HCB, whereas he 
reported to the Managing Director R&D. 

Over the years HCB has build up an extensive network of opinion leading experts. He has managerial 
experience with complicated organisations, budgeting, financial negotiations, patent issues, licensing, 
communications with authorities (a.o. FDA and EMEA), teaching, lecturing, writing, refereeing papers 
for scientific journals and organising and chairing (scientific) meetings. 

Per October 1, 2000, HCB has resigned from N.V. Organon and has founded Pantarhei Bioscience B.V. 
in Zeist, the Netherlands per January 1, 2001. 
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ABSTRACT 

In this review paper, the existing information on the human fetal steroid estetrol (E 4 ) has 
been summarized. In the past, E4 was considered as a weak estrogen and interest 
disappeared. However, recent new research has demonstrated that E 4 is a potent, orally 
bioavailable, natural human fetal selective estrogen receptor modulator, since it acts in 
the rat as an estrogen on all tissues investigated except breast tumor tissue, where it has 
estrogen antagonistic properties in the presence of estradiol. Based on its safety data, its 
pharmacokinetic properties, its pharmacological profile and the results of first human 
studies, E 4 may be suitable as a potential drug for human use in* applications such as 
hormone replacement therapy (vagbal atrophy, hot flushes), contraception and 
osteoporosis. Additional areas worth exploring are the treatment of breast and prostate 
cancer, hypoactive sexual desire disorder and topical use (wrinkles) in women, auto- 
immune diseases, migraine, cardiovascular applications and the treatment of selected 
obstetric disorders. 



HISTORY 

Estetrol (£4) was discovered by Diczfalusy and 
co-workers in 1965* and was a topic of 
preclinical pharmacological research thereafter 
for a period of about 20 years. Studies during 
that period showed that this estrogenic steroid 
molecule has four hydroxy! groups 2 . Isolation 
and identification of this novel estrogen were 
achieved by extracting 200 liters of late preg- 
nancy urine 3 . On the basis of physical and 
chemical characteristics, it was concluded that 
the compound was identical with IScc-hydro- 
xyestrioi (15a-OHE 3 ) or estra-l,3> 5(10)-triene- 
3,15a,l^,17^-tetroI 3 . It was further concluded 
that E4 is Synthesized exclusively by the fetal liver 
during human pregnancy, reaching the maternal 
circulation through the placenta. Tliis conclusion 



was based on previous work, which showed that 
the liver is the exclusive site of 15a- and 16a- 
hydroxylatipn 4 ^. The structural formulae of E 4 
and. other estrogenic steroids are presented in 
Figure 1, demonstrating that these estrogenic 
steroids differ in the number of hydroxy! (OH) 
groups only. 

Several ADME (absorption/m^txibution/meta- 
bolism/excretion) properties of E 4 have been 
studied in postmenopausal and last-trimester 
pregnant women using parenteral administration 
of steroids labeled with radioisotopes 7 ' 8 . Estetrol 
was minimally, if at all, metabolized and was not 
reconverted to estriol (E 3 ) or estradiol (E 2 ). 
"When injected intravenously to adults, it was 
rapidly and completely excreted in urine as a 
Ring D monoglucuronide, but otherwise meta- 
bolically unaltered 9 ""* 1 . According to these data* 
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E, Estrone Ej, Estradiol 




EjEstriol E 4 Estetrol 

Figure 1 Structural formulae of estrone (Ei), estradiol, (%), estrioi {iS 3 ) and estetrol {E4) 



E4 does not appear to enter the enterohepatic 
circulation, 

Estetrol was detected in maternal urine as early 
as 9 weeks of pregnancy 12,13 . It was found at high 
levels in maternal plasma during the second 
trimester of pregnancy, with steadily rising con- 
centrations of unconjugated E4 to about 1 ng/ml 
(>3 nmol/l) toward the end of pregnancy 14,15 . 
Conjugated E 4 levels were seven times higher than 
unconjugated levels 16 . The levels of unconjugated 
E4 in fetal plasma at parturition were about 12-19 
times those iii maternal plasma 17 * 18 , Amniotic 
fluid levels were about one-third of fetal plasma 
levels and five to six times higher than maternal 
plasma levels 17,19 . Maternal urinary excretion in 
late pregnancy varied between 0.5 and 2.3 mg/ 
day 13 ^ 22 

For follow-up and survey of pregnancy pathol- 
ogy, E 4 levels were not appropriate due to the 
large intra- and inter-individual variations in 
pla$ma levels 23 " 27 . 

Competitive receptor binding studies for nucle- 
ar binding in human proliferative endometrium 28 
and in rat uterine cytosol 29 revealed low estrogen 
receptor binding affinity for E4, relative to that 
ofE 2 . 

The effects of E4 when compared to those of 
estrone (%), E 2 , and E3 on progesterone receptor 
levels and growth in the human breast cancer cell 
line MCF-7 revealed that both E3 and E4 behave 
as E2 agonists but require substantially higher 
concentrations to achieve the effects of E2 30 . 



Estetrol produced a number of biological 
changes in die rodent uterus, such as weight in- 
crease, progesterone receptor simulation,, emjme 
induction, and histological and ultrastructural 
changes 31 . It also bound to the human endometrial 
estrogen receptor. The biochemical, histological 
and ultrastructural responses of the immature 
rat uterus to E 4 revealed a tendency toward 
cell differentiation, in contrast to the typical 
mitotic responses that were observed after E 2 
administration 32 . 

After 20 years of experimental work, E4 
research was virtualjy abandoned and ended in 
the mid-1980s. Consensus at that time was that, 
first, E4 is a weak estrogen and, second, E 4 cannot 
be used as a marker of fetal well-being during 
pregnancy due to the high inter- and intra^ 
individual variations in plasma levels 14 ' 33 . 

However, it seems unlikely that an estrogenic 
steroid produced in such significant quantities by 
the male and female human fetal liver during 
pregnancy would have no physiological signify 
cance, Therefore, in 2001, a project was started at 
Pantarhei Bioscience to investigate the properties 
of E4 with state-of-the-art technologies. 

SYNTHESIS AND 
PHARMACEUTICAL PROPERTIES 

A new route of synthesis has been developed for 
E 4 by Pantarhei, starting with the commercially 
available Ei 34 , This new route results in accept 
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table yields of E4 of very high purity (>9S%) 
without contaniinarion with E2. it permits the 
synthesis of E4 on a (semi)-industxial scale suitable 
for GMP (Good Manufacturing Production) for 
human use 35 . This new method overcomes the 
disadvantages of previous methods. 

Pharmaceutical studies revealed that E4 is 
chemically very stable even under non-optimal 
storage conditions 34 . It has high water solubility 
and might be slightly hygroscopic. Estetrol has 
an octanol-water parturition coefficient (Pow) of 
about 1.5, making it about a lOOrfpld less 
lipophylic than E2 or etlmylestradiol. As a 
Pow of 2 is considered optimal for passage 
through the bipod-brain barrier, E4 might be 
expected to have effects on the central nervous 
system. 

It is concluded that, with this new method, E 4 
can be synthesized consistently with high purity 
and without important contaminations. Estetrol 
appears to have very favorable properties for the 
development of a pharmaceutical product. 

RECEPTOR BINDING AND TARGET 
INTERACTION 

Estetrol has a moderate affinity for human 
estrogen a receptor (ERa) and estrogen ft receptor 
(ER/?), with Ki values of 4.9 ± 0.567 nmol/1 and 
19 ± 1 nmpl/1, respectively, demonstrating a four- 
to five-fold preference for the ERa (lower 1Q 
yalue) 3 <\ 

Estetrol has high selectivity for the estrogen 
receptors. Binchng at the glucocorticoid, proges- 
terone and testosterone receptors was only 
11-15% at a concentration of 10 fimoVl and 
further profiling of E 4 ina set pf 124 receptors and 
enzymes demonstrated inactivity tpwards 123 
molecular targets. The single target showing 
interaction with E 4 was the adrenergic 
receptor (weak binding) 3 *. 

It is concluded that genomic clinical effects of 
E4 will most likely occur through the estrogen 
receptors. The high selectivity of E4 suggests a low 
risk of unexpected side-effects. 

LIVER CELL METABOLISM 
AND PROTEIN BINDING 

The rate pf metabolism of E4 was studied in rat and 
human hepatocytes and was found to be slow in 
both in vitro systems 36 , complying with die observed 
slow eliniination and long half-life in vivo 37 ' 3 ** 

The metabolites found after incubation of E 4 
with rat and human hepatocytes were completely 
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different 36 . Metabolites produced by rat hepato- 
cytes were not found with human hepatocytes and 
vice versa. In rat hepatocytes, phase I metabolism 
is most important. This may result in active 
metabolites in the rat, whereas inactivatipn by 
glucuronidation and sulfation, i.e. phase II meta^ 
holism, are the pathways observed in human 
hepatocytes 36 . This confirms that, in the human, 
E4 is an end-stage product of metabolism and has 
no active metabolites. 

Estetrol at a high concentration of 10 /zmpl/1 did 
not inhibit die major cytochrome P450 enzymes 
CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP 
3A4 36 Estradiol and ethinylestradipl significantly 
inhibited CYP2C19. Ethinylestradipl had a strong 
inhibitory effect on CYP3A4, whereas E 2 stimu- 
lated this enzyme significandy and E 4 had some 
stimulatory effect 36 . These results suggest that E 4 
may exhibit less interference with concomitantly 
administered drugs (drug-drug interaction) com- 
pared to ethinylestradipl and Ep 

The ERa-dependent effect of the steroids E 2 , E 3 , 
E4 and ethinylestradiol on sex hormone binding 
globulin (SHBG) production was investigated 
using the HepG2 and Hep89 cell lines 39 , Estetrol 
did not stimulate the production pf SHBG in both 
cell lines, suggesting that E 4 may not influence the 
plasma levels of SHBG. The estrogens E 29 E 3 and 
ethinylestradipl all show a dose-dependent ERa- 
mediated increase in the production of SHBG. 
This increase in SHBG production is most 
prominent for E 2 , while addition of E 3 and 
etJbdnylestradiol resulted in a lower and compar- 
able increase in SHBG. Binding of E 4 to SHBG 
was also studied in vitro 39 . There was no 
detectable binding of E 4 to the estrogenic and 
androgenic human SHBG steroid-binding sites 
(Figure 2), By contrast, testosterone and E 2 were 
bound with high affinity, whereas the synthetic 
estrpgen ethinylestradiol binds to SHBG with low 
affinity 39 . These data indicate that SHBG has no 
influence on the plasma distribution of E 4 or its 
availability to target tissues, contrary to other 
natural steroid ligands such as E^ and testosterone 
and several synthetic progestins that all bind to 
SHBG. 

ADME AND ORAL 
BIOAVAILABILrrY 

' Earlier ADME studies were performed using •> 
parenteral administration of radiolabeled 
steroids 7,8 ' 33 , but oral administration of E4 was 
never considered in the past. Since oral treatment 
was considered crucial for the potential use of E4 
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Figure 2 Competitive displacement of [ 3 H]PHT (a) 
and [ 3 H]E2 (b) from the human sex hormone binding 
globulin (SHBG) steroid bmding site. The unlabelled 
steroid ligands used as competitors were as follows: 
DHT, $ -dihydrotestQsterone; T, testosterone; E 2 , estra- 
diol; EE, etlunylestradipl; E4, e&tetroi 

as a drug for human use, its oral bioavailability 
and pharmacokinetics were studied as the very 
first stage of the new E4 research in the rat 37 . 
WheniLt appeared tp have favorable oral kinetics 
in the rat 5 ', at a later stage pharmacQkinetic 
studies were performed in the human 38 . 

In the bioavailability study in the rat, E 4 was 
administered as a single dose of 0.05, 0.5 or 
5.0 mg/kg orally or subcutaneously to female 
rats 37 . Plasma was analyzed using an LC-MS/MS 
method. Oral bioavailability of E 4 , relative to that 
of subcutaneous dosing, was 70% and above at 
the 0.05 and 0.5 mg/kg doses, based on the A0C. 
Subcutaneous dosing provided significantly higher 
E4 levels at the 1-h time point only, and was 
comparable to oral dosing after 0.5, 2, 4 and 8 h 
(Figure 3). So, rather surprisingly, E4 was found to 
have a high oral bioavailability in the rar 7 . Also 
the elirninatipn half-life observed after 2-3 h is 



relatively long, since the rat liver is known to be 
very efficient in metabolizing steroids. 

These findings had at least two implications. 
First, the oral bioavailability enabled once-daily 
oral treatment with E4 in further studies in the rat, 
a species considered to be relevant and predictive 
for the human. Second, the pharmacokinetic data 
obtained in the rat suggested that oral treatment 
with E4 might he possible also in the human. 

A pharmacokinetic study with E 4 was per- 
formed in healthy early postmenopausal women. 
Four single doses of 0.1, 1, 10 and 100 mg E4 
were administered to six women each 38 . It was 
shown that £4 is absorbed orally very effectively 
with high dose-response relationship and low 
inter-subject variability (Figure 4). The elimina- 
tion half-life of E4 was found to be 28 h, 
suggesting slow metabolism of E 4 and suitability 
for pnce-a-day oral administratipn. The pharma- 
cokinetic pattern suggested enterphepatic recircu- 
lation 38 . Pharmacokinetic simulations with special 
emphasis on AUCs were performed using these 
human pharmacokinetic data and E 4 levels during 
pregnancy 1 *' 15 (see also History). Based on these 
calculations, the term fetus synthesizes about 
3 mg E4 per day, whereas the term fetal exposure 
to E 4 is more than 50 mg/day when compared to 
oral administration of E 4 to postmenopausal 
Women. 

In summary, the old and -new ADME data 
obtained with £4 support its potential as an oral 
once-a-day drug for human use. 

BONE 

The bone-sparing effect of oral E4 compared 
to that of ethinylestradiol was studied in 
ovariectomized rats 37 . The use of the ovariectp- 
mized rat model for the preclinical evaluation of 
drugs intended fpr prevention and treatment of 
osteoporosis is recommended by the US Food and 
Drug Administratipn 40 . Once-daily oral treatment 
with E4 by a dose pf 0.1, 0.5, or 2.5 mg/kg/day, or 
by 0.1 mg/kg/day of ethinylestradiol as positive 
control, was given for 4 weeks. The following 
measurements were performed: 

( 1 ) Serum osteocalcin, 

(2) Bone mineral density, bone mineral content 
and bone mineral area of lumbar vertebrae 
L3-L6, 

(3) Peripheral quantitative computed tomogra- 
phy of the left tibiae, and 

(4) The bipmechanical properties (strength) of 
the distal femora. 
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Figure 3 Mean (± standard deviation) plasma concentrations of estetrol after oral (p.o.) or subcutaneous (s.e.) 
administration of a single dose of 0.5 mg/kg estetrol to female rats (n^3). *Signifieantly different from vehicle: 
p<QM 




Figure 4 Mean estetrol plasma levels ( +.standard deviation) after a single oral dose of 1, 10 and 100 mg estetrol in 
postmenopausal women 



Estetrol dose-dependently and significantly 
inhibited the pvariectomy-related increase in 
osteocalcin levels, increased bone mineral density 
and content and increased bone strength 
(Figure 5) ? all attenuated by ovariectomy. .In this 
rat model, the. relative potency of the highest dose 
of E 4 of .2.5 mg/kg/day was comparable to the 



0.1 mg/kg/day ethinylestradiol dose, used as 
positive control It was concluded that oral 
administration of E4 conveys dose-dependent 
bone-sparing effects of high-quality bone in 
estrogen-depleted ovariectomized rats 37 * 

Based on its bone-sparing effects and its oral 
bioavailability in this highly predictive and 
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Figure 5 Mean (±standard deviation) ultimate strength (N/mra 2 ) at the distal femora after 4 weeks of once-daily 
treatment with estetrol (E4) (0.1, 0.5 or 2.5 mg/kg/day) or ethinylestradiol (EE) (0.1 mg/kg/day) compared to vehicle 
in ovanectomized (OVX) rats and sham-operated < 



weU-vaMdated animal model, E4 is a potential drug 
for the prevention of osteoporosis in postmenopau- 
sal women. It seems worthwhile also to investigate 
the potential efficacy of E 4 for the treatment of 
osteoporosis and osteoporotic fractures. 

HOT FLUSH 

The efficacy of E 4 in alleviating hot flushes was 
studied in an experimental rat model considered 
representative for menopausal vasomotor symp- 
toms 41 . In this model, the thermal responses in the 
tail skin of morphine-dependent ovariectornized 
rats are recorded after administration of nalox- 
one. Six groups of rats were treated orally for 
8 days as follows: vehicle (negative) control; E 4 : 
0.1, 0.3, 1.0 and 3,0 mg/kg/day; and as active 
(positive) control ethinylestradiol: 0.3 mg/kg/day. 
Qn day 8, tail skin temperature was recorded at 
baseline and for 60 min at 5-min intervals 
following naloxone administration, jn control 
animals, tail skin temperature increased sharply 
by about 4.5°C after naloxone treatment and 
reverted to baseline by 60 min, Estetroi sup- 
pressed the tail skin temperature increase in a 
dose-dependent fashion (Figure 6) ? The highest 
dose of E4 tested (3 mg/kg/day) was equipotent to 
a 10-fold lower dose of ethinylestradiol Both fully 
suppressed tail skin temperature changes 41 . 

It is concluded that E 4 is effective in preventing 
temperature rises in an experimental animal f 
model considered representative for studying the 
effect of drugs on the menopausal hot flush 
(vasomotor symptoms). In this model, lie potency 
of IL* was 10-fold lower compared to ethinyl- 
estradiol. 



These results suggest that may be effective 
for the treatment of hot flushes and other 
vasomotor symptoms in peri- and postmenopausal 
women. 

VAQINA, UTERUS AND 
ENDOMETRIUM 

The effect of E 4 on vaginal cornification and 
uterine weight was studied in ovariectornized 
tats . Six groups of rats were treated orally once 
daily for 7 days as follows: vehicle (negative) 
control; E 4 : 0.1, 0.3, 1.0 and 3.0 mg/kg/day; and 
ethinylestradiol 0.05 mg/kg/day as active (posi- 
tive) control Vaginal lavages were obtained daily 
and, on day 7, uterine wet weight was determined. 
Vaginal cornification Was observed by day 5 in all 
rats at all E 4 doses and in the animals receiving 
ethinylestradiol, but not in the control rats 
(Figure 7). The onset of cornification with E 4 
was dose-dependent After 7 days treatment, the 
two highest E 4 doses -(1.0 and 3.0 mg) induced 
statistically significantly higher uterine wet weight 
(myometrium) compared to vehicle 42 

In the pharmacological study with E4 to 
investigate oral bioavailability and prevention 
of bone loss 37 , the uterus of the Ovariectornized 
rats was excised after 4 week$ of treatment. Wet 
uterine weight (myometrium) was estimated and 
histological investigation of the endometrium 
was performed. Four weeks of E 4 treatment 
induced dose-dependent increases in uterine 
weight of ovariectornized rats. In this models 
the potency of ethinylestradiol in increasing 
uterine weight was 5-25 times higher than that 
of E 4 . 
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* -Significantly different from Vehicle 
(p<0.05) 
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Figure 6 The effects of estetroi (E 4 ) and l ja-ethinylestradioi (EE) on the naloxone-induced hot flush response in 
female ovariectpmized rats 
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^♦-p- Vehicle 

HdK EE 0.05 mg/kg/day 
E 4 0,1 mg/kg/day 
E 4 0.3 mg/kg/day 
E 4 1 .0 rng/kg/day 

H*- E4 3.0 mg/kg/day 



Figure 7 Number of arumals with vaginal cornification over a 7-day treatment period with orally aa^mmstered 
estetroi (E 4 ) (0.1, 0.3, 1.0 or 3.0 mg/kg/day), edhinylestradiol (EE) (0.05 mg/kg/day), or vehicle 



Estetroi appeared to have a dose-dependent 
proliferative estrogenic effect on the rat endome- 
trium after 4 weeks' treatment 3 * Estetroi was 
found to be less potent than ethmylestxadioi, since 
the order of increasing potency per mg/kg/day was 
estimated as follows? 0.1 mg E4 <0.5 mg E 4 
< 0.1 mg etrmylestradiol <2.5 mg E 4 , 

In summary, estrogenic activity of £4 was 
demonstrated in three tissues in ovariectomized 



rats: vaginal epithehum, myometrium and endo- 
metrium. The potency of E 4 was approximately 
20-fold lower compared to etniinylestxadioL 

It is concluded that £4 may be suitable for the 
treatment of urogenital atrophy and the accom- 
panying clinical complaints such as vaginal 
dryness and dyspareunia in estrogen-deficient 
women. Since E 4 has a proliferative effect on the 
endometrium, in Women with a uterus, measures 
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to protect against endometrial hyperplasia and 
cancer should be taken. 



BREAST 

Rats treated with DMBA (7,12 dimethylberiz(a)- 
anthracene) develop estrogen-responsive breast 
tumors. Two prevention studies and one interven- 
tion study were performed in this animal model 
with E4 43 . In the prevention studies, the effect 
was investigated of oral doses of E4 over a dose 
range of 0,5^3.0 mg/kg. The intervention study 
used oral doses of 1, 3 and 10 mg/kg E 4 . 
The antiestrogen tamoxifen was used as reference 
compound in all three studies; ovariectomy 
and ethinylestradioli at doses pharmacologically 
equipotent to E4, acted as control treatments in 
one prevention study and in the intervention 
study. 

When DMBA-induced rats were co-treated with 
E4 fqr 8 weeks, this resulted in a dose-dependent 
reduction in the uumber and size of tumors, an 
effect that appeared equally effective as tamoxifen 
treatment or ovariectomy and was not seen with 
ethinylestxadioL When E4 was administered to 
rats in which tumors had already developed, a 
significant decrease in the number and size of 
tumors was observed after 4 weeks. This decrease 
was dose-dependent, comparable to tamoxifen- 
treated animals, and, at high dose levels, E4 was as 
effective as ovariectomy (Figure 8) 43 . 

It was concluded that E 4 , dose-dependently, 
prevents the growth of chemically induced mam- 
mary tumors in female rats and has the potential 
to reduce the number and size of such mammary 
tumors when already present. 



Based on these results, one may hypothesize 
that E4 could be a natural antagonist of the 
abundantly available estrogens during human 
pregnancy. These findings provide the basis for 
the potential clinical development of E4 as a 
natural selective estrogen receptor modulator 
(natural SERM) and antagonist for the treatment 
of breast cancer. The estrogen antagonistic effect 
on breast tumor tissue would be a major 
advantage compared to presently used estrogen- 
containing drugs. 

OVULATION INHffirnON 

The effectiveness of E4 as an ovulation inhibitor 
was studied in regularly cycling female rats and 
compared to et^ylestradipl 44 ' 45 . The animals 
were treated orally twice daily for 4 consecutive 
days, starting on the day of estrus, with £4 (0.03, 
0.1, 0.3, 1.0 or 3.0 mg/kg) ? or ethinylestradiol 
(0.0003, 0.001, 0.003, 0.01 or 0.03 mg/kg) of 
vehicle control. The primary endpoint was the 
number of ovulated oocytes in the genital tract. 
Estetrol at. the twice-daily dose of 0,3 mg/kg and 
above inhibited ovulation. This effect was statis- 
tically significant (p < 0,05). The comparator, 
ethinylestradiol, significantly inhibited ovulation 
(p < 0.05) at the highest dose (0.03 mg/kg) 
administered twice daily. The ED50 for the 
ethinylestradiol and the E4 dose-response curves 
show that ethinylestradiol is 18 times more potent 
than E 4 (Figure 9) 44 . In summary, twice-daily 
administration of E4 effectively inhibits ovulation 
in cycling rats. The effect is dose-dependent. The 
relative potency of E 4 is about 18 times less 
compared to that of ethinylestradiol. 
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Figure 8 Intervention study. Mammary tumor count per animal (+ SEM) at baseline and 4 weeks after ovariectomy 
(OVX) or daily oral treatment with vehicle, tamoxifen (TAM) or estetrol (E4) 
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Figure 9 Estimation of ED$ 0 for ovulation inhibition in 4-day cycling rats treated twice daily with the indicated oral 
doses of ethinylestradiol (EE) or estetroi (E 4 ) 



In the human pharmacokinetic study performed 
with single doses of 0.1 ? 1, 10 and 100 mg £4, the 
effect on plasma levels of luteinizing hprinpne 
(LH) and follicle stimulating hormone (jFSH) was 
also studied. LH levels vyere suppressed dose- 
dependently. A profound and sustained inhibition 
of FSH levels, lasting over 7 days, was observed in 
the 100 mg dpse group (FSH was npt measured in 
the other dose groups). It was concluded that E4 
has a profound central inhibitory and dose- 
dependent effect on gonadotropins, expected to 
contribute to the contraceptive effect of E4. 

In summary, based on these and other results 
reported in this review, E4 might be a potential 
candidate to replace ethinylestradiol in combined 
.oral contraceptives. 

CONCLUSIONS 

Estetroi is a steroid synthesized exclusively by 
the human fetal liver during pregnancy. After its 
discovery in 1965 by Egon Diczfalusy and co- 
workers at the Karolinska Institute in Stock- 
holm, Sweden, basic research was performed on 
E4 iintil about 1984. At that time there was 
consensus that E 4 is a weak estrogen and 
interest in this sterpid discontinued. The judge- 
ment of low potency of E 4 was primarily based 
on low ER binding affinity, ranging from 0.3% 
(rat) 29 to 6.25% (human) 28 , and 2-3% potency 
compared to E2 in a series of in vitro and in 
vivo experiments 30-32 . Efforts to use E4 as a 
marker of fetal well-being during pregnancy 



failed due to the high inter- and intra-individual 
variations in plasma ievels 23 ~ 27 . 

In 2001, Pantarhei Bioscience started its re- 
search activities pn E 4 . The motivation was the 
simple consideration that it seems unlikely that 
nature Would endow the human fetus with the 
ability to produce this sterpid in such significant 
amounts without a sound reaspn. 

The new research has revealed that, first of all, £4 
seems a safe compound with selective binding to 
both estrogen receptors 36 and some preference for 
the ERa above the ER/?. No toxicity was observed at 
high dose levels in pharmacologicai studies in the rat, 
wiromaximum doses of 10 mg/kg/day for 4 weeks 43 
and in single-dose studies in die human, with a 
maximum dpse of 100 mg 38 . Based on its chemi- 
cal 34 , pharmaceutical 34 and metabolic proper- 
ties 14,33 * 37,38 , it seems possible tp develop E4 as a 
drug for human use. Especially its high and dose- 
related oral bioavailability in the rat 37 and the 
human 38 , the absence of binding to SHBG 39 and the 
long elimination half-life of 28 h in the human 38 may 
enable its use as an oral once-a-day drug. 

In well-validated and predictive rat models, E 4 
behaves as an estrogen agonist in all tissues 
investigated, i.e. bone 37 , vagina 42 myometrium 42 , 
endometrium 42 and brain (hot flush 41 and ovula- 
tion kJiibitipn 44 ' 45 ),, except for breast tumor tissue 
where this steroid acts as an estrogen antagonist in 
the presence of E 2 43 . Interaction with liver 
function in in vitro models demonstrates, first, 
slow metabolism 36 , explaining the long half-life; 
second, absence of cytochrome P450. inhibition 36 , 
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which maty implicate less drug-drug interaction; 
and, third, no stimulation of SHBG synthesis 39 , 
which suggests k potentially lower risk of venous 
thromboembolism when used as a drug in the 
human, a serious side-effect of all known estro- 
gens and synthetic SERMs. 

Based on its pharmacological profile, E4 can be 
classified as a natural human fetal SERM. Contrary 
to the conclusion in the past, E4 seems to be a potent 
steroid. In the pharmacological studies, E4 was 10-* 
20 times less potent compared to ethinylestradiol, 
the most potent estrogen available. Single doses of 
E4 strongly suppressed LH and FSH in postmenp- 



the present conclusions can be explained by (lack of) 
knowledge of the metabolic properties of E4. Past 
studies were all in vitro or short in vivo experiments 
and adequate ADME studies demonstrating the 
favorable pharmacokinetics of E 4 were performed 
only recently 37,38 . 

Estetrol may be useful for a series of potential 
clinical applications including the prevention and 
treatment of osteoporosis and hormone replace^ 
ment therapy in women, especially for the treat- 
ment of vaginal atrophy and hot flushes. Estetrol 
seems also suitable as the estrogenic component in 
oral contraceptives. The effect of £4 on breast 
cancer seems worthwhile of being investigated in 
view of the results in the rat DMDBA model. All 
these possible applications should be explored in 
clinical prpof-of-concept studies. Furthermore, it 
seems interesting to study the effect of E 4 in 
autoimmune diseases that are related to thymo- 
cyte-! (Th-1) function such as multiple sclerosis, 
rheumatoid arthritis and Sjogren's syndrome, since 
Th-l-related diseases are known to improve con- 
siderably during pregnancy when E 4 is present. 
Studies with E4 in animal models for multiple 
sclerosis (EAE model) and rheumatoid arthritis 
(CIA model) have shown a significant and dose- 
dependent favorable effect (data not shown). 
Additional areas worth exploring are the treatment 
of prostate cancer, hypoactive sexual desire dis- 



order and topical use (wrinkles) in women, 
migraine, cardiovascular applications and the 
treatment of selected obstetric disorders. 

Although there are sound reasons to test the use 
of E 4 in all these conditions, it seems unlikely that 
E 4 will be efficacious in all these disorders and 
diseases. However, the present data on E 4 allow 
the conclusion that the pharmacological profile of 
E 4 is not a weak estrogen but a potent steroidal 
SERM with potential applications in the human. 

The question remains about the physiological 
role of E 4 during human pregnancy since this has 
not been studied and is unknown. The facts are 
that E 4 is a steroid synthesized exclusively by the 
human fetal liver during pregnancy 1 "*. Data on 
file show that E4 is not synthesized by pregnant 
rats and mares. Estetrol is already present in urine 
of pregnant women at 9 weeks of gestation 12,13 . 
Estetrol plasma levels increase exponentially dur- 
ing pregnancy and the term fetus synthesizes a 
high amount of E 4 up to 3 mg/day. Unanswered 
questions are, for example: 

( 1 ) Why is E4 present during pregnancy? 

(2) How is lSa-hydroxylation during pregnancy 
regulated? 

(3) Why is the expression of this enzyme 
restricted to pregnancy? 

(4) Hpw is the fetus protected against the 
estrogenic activity of E4? 

< 

These and other questions may be elucidated by 
further estetrol research dedicated to unravel the 
raison d'etre of this intriguing natural human fetal 
Steroidal SERM. 
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HETEROGENEITY OF SATURABLE ESTRADIOL BINDING 
SITES IN NUCLEI OF HUMAN ENDOMETRIUM- 
ESTETROL STUDIES 

Linda Tseng and Eruo Gurpide 
Dq S*» t O^tettte and Gynecology, State University or New York 
at Stony Brook. Stony Brook, New York. USA, and Mount Sinai 
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{Recmced 20 March 1978) 

SUMMARY 



C^tradinl ^ estetrpl (E 4 ) and ethynyl estradiol (EE) for binding to estroftm 
M pT? endq ? 1B, ™l W ^ studied at various competitor/estradiol S) raU^ C 

iahStaTOSSfcSSJSKTT i 0 ^'" 5 - .S^ard analysis or binding q r each or these 
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IWTRQPUCnON 

jRcsults of in vitro studies on the competition of estra- 
Ifcl (E 2 ) and estetrpl {1,3,5-lQ esbratriene. 3,15a, 16a, 
JfljtetroL. E 4 ) for saturable binding in human endo- 
Jntfrjum have been previously reported [1J The pub- 
lished report described the observation that incuba- 
j 6oa <> f *** slices with mixtures of E 2 and E 4 in 
Iianous proportions yielded the same amount of 
i^ceptpr-bound estrogen (E 2 + E 4 ) in the nuclei The 
Ipopprtion of E 2 and E 4 hound to receptors in the 
jaqcleus depended on their relative concentration in 
m medium. An unexpected result from those studies 
I*as that about 35% pf the estradiol binding sites in 
iftc nucleus was clearly more resistant to competition 
PT Et-than the other 65%. In contrast, ethynylestra- 
m\ tested in similar experiments displaced all nuclear 
Jtomd E 2 , following kinetics characteristic of cpmpe- 
1 toon for a single class of binding sites. 
I It was then suggested that the observed differences 
I« competitiveness qf E 4 and E 2 at various EJE, 
iratios were due to a heterogeneity in the nuclear bind- 
|Bg of E* Great interest in such a possibility derives 
mm i the observatipn that the amounts of E 2 needed 
I? to receptors in rat uterus 

|«npo are higher than those needed for maximal bio. 
fa 7caL effect [2]. It is possible that disproportion in 
^amg and biological action may correlate with het- 
p^neity in nuclear estradiol binding sites. 
I The main purpose of the present study was to 
ISamihe the competition of E 2 and E 4 for binding 



- A 



to receptors in endometrial cytps^l^rf older totoer^ 
mine whether the heterogeneity in binding sites, evi- 
dent after interaction of the estrogernreceptof 
complex with nuclear acceptors, might already exist 
at the cytoplasmic receptor level 

MATERIALS AND METHODS 

Tissue. Human, endometrium specimens, obtained 
after dilatation and curettage or from excised uteri 
v/ere immediately transported to the laboratory, 
cleaned under cold saline, and frozen at -80°C for 
the preparation of cytosol. All endometria studied 
were proliferative and histologically normal, 

labeled gnd unlabeled steroids. Labeled steroids, 
[6J~ 3 H] E 2 (SA,: 48Ci/mmol), [6J- 3 H] EE (SA- 
40.9Ci/mmoI), and [2,^ m e 4 (SA.: 52Ci/mmoI), 
were purchased frpm New England Nuclear Corp, 
Their radiochemical purity was ascertained by mixing 
ahquots with authentic standards' and measuring 
specific activities before and after tic. or cfystalliza^ 
tion. 

Crystalhne E 4 was purchased from the Lamar 
Research Grpup, E 2 was supplied by Steraloids, EE 
apd dlethylstilbestrol (PES) by Sigma Chemical Corp. f l ^ vOy 
High pressure Kquid chromatography of 50 ng of E 4 / / J 6 L 
earned out oil a microporasa column (Waters Associ- i 1 lrKU 
ates) using chiorpfprrii, indicated that this compound 
was free (<:0.i%) of estrone or estradiol 

Preparation of cytosol The frozen endometrium 
was pulverized with a Thermavac apparatus, and 
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homogenized at 4°C in an all-glass tissue grinder in 
4 volumes of 10 mM Tris. IS mM EDTA, 0.5 mM 
ditbipthreitpl buffer (JED), adjusted to pH 7*4 at 
25°C The homogenate was centrifuged at 100,000 g 
for 45 rain. The supernatant was separated and 
treated with dextran-coated charcoal (5mg/ml cyto- 
soJ) for 15 min at Q-4°C in order to reduce the con^- 
centratipn of endogenous estrogens. After ceutrifuga- 
tion at 2000 g for 10 min, the cytosoi was diluted with 
JEt> buffer to obtain a protein concentration of 
about 5-lOmg/mL Protein levels were measured by 
the method of Lowry [3]. 

Competition ofE* and EE for binding in cytosoi 
Solutions of [ 3 H>E 2 in TE£> buffer {192 x 10 6 
d.p.nx/ml; 18.4pmol/ml) were used in the. competition 
experiments. Unlabeled competitors (E 4 or EiE) were 
added to obtain the ratios indicated in Table 1. Cyto- 
soi (0,2 ml) and TED buffer solution (02 ml), contain- 
ing either [ 3 H]-E 2 or [ 3 H]-E 2 Pi u S competitor, were 
incubated for 3 h at 23°C Time studies have indicated 
that maximum labeling is achieved under these condi- 
tions. At the end of this period, 0.6 ml of the dextran- 
coated charcoal suspension (2.5mg/ml Norit A, 
0.25 mg/ml dextran T-70 in TED buffer) was added, 
and the mixture was occasionally shaken for 15 min 
at 0~4°C. The charcoal was separated by centrifuga- 
tion at 20000 for 10 min. An aliquot of the superna^ 
tant (0.5 ml) was transferred to a counting vial and 
10 ml of toluene-based scintillation fluid Was added. 
The mixture was shaken in a Vortex mixer to extract 
the steroid into the organic phase. 

Each incubation was carried out in parallel with 
another in which unlabeled E 2 was present at a 
100-fold higher concentration than [ J H]-E 2 . The 
amount of radioactivity bound, corresponding to 
nonspecific binding, was subtracted from the bound 
radioactivity in the tube to which only £ 3 H>E2 was 
added. This difference was considered to correspond 
to saturable (specific) binding of E 2 to cytoplasmic 
receptors. 

Each assay was conducted in duplicate. 

Binding of [ 3 H]-E 4 (SA: 1 15,000 Ap.m./pmoI) or 
i 3 H]-EE (84,800 d.p.m./pmol) was determined by the 
same procedures, using about 364,000 dp.m. per tube. 
Samples containing [ 3 H]-E 4 were counted in Scinti- 
verse (Fisher Scientific Col). 

Evaluation of competition data; relative values of as- 
sociation constants. Since the amounts of E 2 used in 
these experiments were in large excess in relation to 
the available estrogen receptor, the sum of the con- 
centration of receptor bound to E 2 ([E 2 R]) and to 
the competitor ([CR]) was considered to equal the 
concentration of total receptor available, i.e. 

[E 2 R] -f [CR] ~ [R t ] - 

where [R T ] is the total concentration of receptor 
determined by incubations with [ 3 H]-E 2 in the 
absence of competitor. 
As previously described [1], competition for a 



single set of binding sites implies that 
*,c _ [CR] [EJ 
^e 2 CE 2 R] [C] 

where K aC and K& z are the constants of asso^ojf 
of C and E 2 to the receptor. | 
Under the experimental conditions used, in yfa^ 
the receptor is saturated by the ligands, 

[CR] _ [R T ] - [E 2 R] 
[EiR] [E 2 R] 

~ 1 I ""^Q 0 ^^ retained 1 -/ 
fraction of E 2 retained J" 

or 

Fraction of E 2 displaced 1 -/ 
Fraction of E 2 retained ~ / 
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*,c [C] 
Xe, [E 2 ] 



_ JWC\ 
Kz\Ez) 



where (C/jE 2 ) is the ratio of concentrations of com- ' 
P^rkor and E 2 in the assay mixture. 

A plot of (1 ~- f)lf vs (C/E 2 ) served to test tfef 
assumption of competition of E 4 or EE with E 2 fori 
a single set of binding sites, which would require thet ./ 
a straight line were obtained. The slope of audi it 
regression line would indicate the relative value d % 
the constants of association of E 2 and the competitor ! 
to the receptor. 

Cytosoi binding saturation analysis, Scatchard pk&\ 
In order to determine association constants of 
E 4 and EE tp estrogen receptors in cytosoi and tte*| 
maximum number of binding sites available, aliqudtl? 
of cytosoi were incubated separately with various 
amounts of each of the trittated compounds. The pro- : 
cedure described above was used for the incubations. 
separation of bound and unbound ("free'*) steroid, ■ 
and correction for non-specific binding. The amaMf 
of high specific activity labeled estrogens used ningpi 
from 42,400 tp 424,000 dp.m. (0.40-4.0 pmol) for jE* ] 
39,400 tp 394,000 d-p.m. (0.34-3.4 pmol) for E* arf \ 
42,000 tp 424,000 d-p,m. (037-3.7 pmol) for EE Ite { 
ratios of specifically bound to unbound labeled ] 
estrogen (B/F) and the corresponding concentration j 
of receptor-bound ligand (B, as pmol/ml 
solution) were plotted in linear coordinates. ] 
of the estrogen to a set of sites characterized tjr*.| 
constant of association /C„ would result in a tlK*i 
function B/F m >-'Kfi + nK* where n is the cop«^ 
tration of specific binding sites, the slope of Ihfr W.'.j 
corresponds tp — & a *and the intercept with 
eissa (B/F = 0) corresponds to n. This value ctfi feC j 
referred to the protein content in the assay sJjfulij*J 
and is usually expressed as fmpl of ligand/mg<3W*| 
protein. 

RESULTS 

Table 1 presents the results of experiments P^ 0 ^! 
petition of E 4 and E 2 , or EE and E* for « 
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|. CcroipetmOn or estetrol (EJ and ethynylestradiol (EE) with estradiol (E 2 ) Tor binding to receptors in cytosol 

of proliferative human endometrium 
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ng in endometrial cytqsoL Each experiment in- 
l assays conducted at various relative ratios of 
elexi cpmpetitpr and [ 3 H]-E 2 using aliqupts of 
q1 from a. single specimen of proliferative tissue, 
ncentratipns of [ 3 H]-E 2 were maintained con- 
|jpd above the levels needed for saturation of 
leptor present in the sample. The total receptor 
titration in each cytosol preparation, expressed 
ng protein and shown in the table, was deter^ 
by measuring the binding of [ 3 HJ-E 2 in the 
|e of competitor. This value was taken as unity 




and the ampunt pf specifically bound [ 3 H]-E 2 in the 
presence of competitor was expressed as "fraction pf 
£ 2 retained'V)- A? described above, (1 -f)/f should 
be proportional to the iratip of concentrations pf com- 
petitor and E 2 if these compounds compete fpr a 
single set of binding sites. The table shows the values 
of slopes and intercepts of the regression lines best 
fitting the experimental points by the least-square 
method. The correlation coefficients indicate linearity 
and. consequently, competition of E 2 , EE and E 4 for 
a single set or binding sites. The relative values of 
association constants of E 2 and E 4 to the receptor 
* were in the range of 50-95 with an average of 65. In 
contrast, K aEl was only 1.1-1,8 times greater than 

The regression lines corresponding to experiments 
3 and 4b are shown in Fig. 1. This figure includes, 
for purposes of comparison, data previously 
reported [1 J obtained by incubations of endometrial 
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psinpetition of binding of [ 3 H]-E 2 to estrogen 
fjn nuclei and cytosol of human proliferative 
^-n by estetrol (E 4 ) and ethynylestradiol (EE). 
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Fig. 2. Specific binding of estradiol (E 2 ) and estradiol (E^) 
in endometrium cytosol. 
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slices with mixtures of [ 3 H]-E 2 and E 4 or tWBz 
and EE and measurement of nuclear concentrations 
of specifically bound [ 3 H] ? E 2 . Lack of linearity is 
noted only in the nuclear data corresponding to the 
competition between E 2 and E*, 

The results presented in table 1 and Fig. 1 can 
be interpreted to indicate mat E 2f EE and E 4 bind 
to the same set of sites in endometrial cytosol with 
relative asso ciation constants of 100:70:1 A Sp ecific 
brndipg of E 2 and EE in the nucleus also appears , 
to reflect competition for a single set of sites. In con- 
trast, competition of E 2 and E 4 for nuclear binding 
appears to reflect heterogeneity in nuclear sites, viz. 
the relative aranriarimi constants nf are 



100:16 for about 65% of the CT W a »ri 100:1.5 for 

the other 35%. — 1 ■ ; ' 

The association constants of cytosol receptors, 
determined by analyses of Scatchard plots from 
several endometrial specimens, varied from 2 to 
30 nM" 1 , Figure 2 presents the results of one experi- 
ment in which binding of[ 3 H]-E 2 and [ 3 H]-E 4 was 
studied in different aliquots of cytosol of the same 
endometrial specimen. The ratio of association con- 
stants of cytosol receptor for )E 2 and E* in this 
example was 100:1.2 J*^ ^30nU~\ ^ Q36 
nM" 1 ). The concentration ol binding sites WcytosoT 



were about lOOfmol/kng protein, 20% lower for E 4 
than for E 2 . Similar agreement was found in the other 
three experiments. Scatchard plots of data on binding 
of E 2 and EE to receptors in aliquots of cytosol 
samples used in experiment 5 (Table 1) indicated a 
ratio K U EjKntiE ~ L3 and total concentrations of 
binding sites of 55 and 63 Implying protein for E 2 and 
EE, respectively. 

DISCUSSION 

The heterogeneity of estradiol binding in the nuclei 
of uterine tissue has been previously suggested on the 
basis of results from experiments in which the labeled 
steroid was extracted from nuclear preparations with 
salt solutions of various concentrations [2] or in the 
presence of intercalating agents [4], although the sig- 
nificance of the results from dinerential extraction ex- 
periments has been questioned [5f. Differences in the 
extractability of E 2 and nafoxidbe were also inter- 
preted to reflect heterogeneity in nuclear binding 
sites [4]. ' 

The results from the series of experiments reported 
here are consistent with binding of E 2 , E 4 , and EE 
to a single set of sites in human endometrial cytosol 
Therefore, the heterogeneity we have observed during 
competition of and E 4 for nuclear binding does 
not seem to be due to heterogeneity in cytosol recep- 
tors. 

It is pf interest to note that the competition of E 4 
for binding of E 2 . appears to be 10 times more effec- 



tive in nuclei than in cytosol 
cellular EJE 2 concentration 
association constants 100:16^1^1 
100: 1.5 from cytosoj data* 
a difference in binding pj 
the receptor in cytosol and-tc* 
chromatin acceptor sites. In contra! 
competition curve for E 2 and ''jm 
different from the slope of the c 
nuclear binding at intracellular , 
than 15. The relative values of thel 
slants of E 2 and EE are 1.5 in rf 
this difference, however, may :W$pf 
nificant *'S 

the two slopes in the curve off 
and E 4 for nuclear binding <fi$&fcf 
1). The existence of these two | 
sites in the nucleus may reflect i ^ 
acceptor configurations or diflejenij 
complexes on the chromatin. ' 

Martucci and Fishman [6] Sfepor^p 
tropic activity of E* a finding that' 
support' the possibility that the ^ 
receptors which are hardly exchangbalffi 
be responsible for biological action;' ^ 
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Uterine vascular effects of estetrol in nonpregnant ewe$ 



Michael G. Levine, M.D., Menachem Miodbvnik, M.D., and 

Cincinnati, Ohio 



E. Clark, Ph.D. 



Estetrol is produced by the fetal liver and has been suggested to be a sensitive indicator pf fetal 
well-being. Although the uterine vascular effects of estrogens (17/^estradiol, estriol, and estrone) have 
been extensively investigated in our laboratory and those of others, the ability of estetrol to dilate the ovine 
uterine vasculature is not presently known, the present experiment was designed to compare the 
vasoactivity o f estetrol to that of a second pregnancy-iassociated estrogen , estriol Five nonpregnant 
oophorectomized ewes were chronically instrumented with catheters In the femoral artery, femoral vein, 
uterine arteries, and electromagnetic flpw probes on both uterine arteries. Upon recovering from operation, 
animals received unilateral intra-arterial (uterihe) injections of either estriol (0.1, 0.3, 1, and 3/ig) or 
feitetrpl (1, 3, 10, and 30 j*g). £wes received only one dose of either estetrol or estriol dairy and all doses 
were given in a randomized order. Uterine bipod flpw responses were continuously monitored and the time 
• of onset, peak, and duration were recorded, the time of onset {38 ± 2 minutes), time of peak response 

§ + 1 mhute), and duration (189 ± 7 minutes) were approximately equal to those observed for estriol. 
$he basis of the data obtained in the present study we have determined th at estetrol is 15 to 30 times 
less potent tha n estriol as a uterine vasodilator . (Am. J. Obstet. Gyneco* . 148:735, 1984.) 

The effects of estrogen on the uterine vasculature 
have been investigated in several different species. 1 " 3 
In recent years these studies have been largely con- 
ducted in nonpregnant pophorectornizedewes.* -6 Upon 
administration, estrogen produces a profound uterine 
vasodilation which occurs after an initial delay of S5 to 
45 minutes. This increase in uterine bipod flow peaks at 
approximately 75 to 150 minutes and returns to con- 
trol levels by 4 hours. In the nonpregnant ovine, 1 7/3- • 
estradiol and estriol are approximately equivalent as 
uterine vasodilators. 3, 13 in recent years a fetus-derived 
estrogen, estetrol (15a-hydroxyestripl) has been used 
^ by several investigators 7 " 10 to assess fetal well-being. 
The physiologic role of estetrol is unclea r, but potent 
estrogens of fetal origin could be important in dilating 

t uterine and placental vasculature- The purpose of 
study was to compare the uterine vasodilator ef- 
fects of estetrol to those previously reported for estriol 
in the nonpregnant ovine model. 
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Material and methods 

Five nonpregnant oophorectomized ewes of mixed 
breed, weighing between 42 and 60 kg, were used in 
this study. Ewes were sedated with diazepam (10 mg 
intravenously), and with the ewes under further sepV 
tion (thiopental, 250 mg intravenously), a hyperbaric 
spinal anesthetic was administered (iPontocaine hydro- 
chloride, 12 mg). The maternal femoral artery and 
vein were cannulated with polyvinyl catheters. The 
uterine arteries were fitted with electromagnetic flow 
probes (3,5 or 4;0 mm in diameter), and a lateral 
branch of each artery was catheterized With a polyvinyl 
catheter (0.40 by 0.70 inch) to allow direct intra-arterial 
administration of the estrogens to be tested. Ewes were 
castrated to prevent cyclic changes in the hormonal 
milieu. Catheters and flow probe cables were passed 
subcutaneously to the left flank of the sheep and placed 
in a cloth pouch secured to the side of the ewes. AH 
catheters were filled with heparin (1,000 U/ml) to 
maintain patency. 

After operation, the ar ; mals were placed in portable 
cages and received water and commercial feed ad libi- 
tum. Ewes were allowed tp recover from operation for 
5 to 7 days prior to testing . The ewes received an i ntra- 
venous injection of 17j3-estradi ol (1 /zg/kg) eacTTeye- 
ni ng to prevent^tteri he atrophy, which would occur 
because of castration. Uterine arterial blood flpw Was 
monitored with a square-wave electromagnetic jflowme- 
ter (Dienco RF-1000, los Angeles, California), Elec- 
tromagnetic flow probes were calibrated with saiine 
prior to implantation and were linear over the range of 
flow rrjeasured. Flowmeters were equipped with elec- 
tronic zeroes which were verified as being accurate dur- 
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MINUTES 

Fig. L The uterine vascular response to intra-arterial injections of estriol (1 ftg) and estetrol (3p fig). 
Estriol and estetrol were given into the right Uterine artery of the same ewe on 2 different days. 



ing vascular occlusion. Blood pressure was monitored 
by a Micron (MP 15) pressure transducer, and heart 
rate was determined by a Beckman cardiotachometer. 
All parameters were continously recorded on a pen- 
writing recorder (Beckman Dynograph R-612). Differ^ 
ences between values were determined with Student's 
t test with significance defined as p < 0.05.. 

Experimental protocol. A stock solution of estrio l 
(Sigma Chemical Company, St. Louis, Missouri) and 
este trol (Steraloids , Inc., Wilton. New Hampshire), was 
prepared by dissolving the estrogens in ethanol and 
dilut ing the stock solution in sterile 0.9% saji ne. Solu- 
tions for intra-arterial bolus injections were prepared 
in concentrations of 0.1, 0.3, 1.0, and 3.0 /ttg/ml for 
estriol and 1.0, 3.0, 10.0, and 30.0 /Mg/mi for estetrol. 
The final ethanol concentration was 0.1% by volume, 
and no vasodilating effect of the vehicle was noted. The 
doses of estrogen were given in a randomized order, 
with only one intra-arterial injection of either estriol or 
estetrol administered each day. Blood flow to the con- 
tralateral horn was monitored and did not change in 
these experiments, Uterine blood flow responses were 
continuously monitored and the time of onset, peak, 
and duration were recorded. 

Results 

The uterine vascular response to the intrauterine 
administration of estriol and estetrol in One ewe on two 
different days is illustrated in Fig, JL The response to 
the intra-arterial injection of either estriol or estetrol 
has the same basic characteristics as the reponse to 
l7£~estradiol: (1) a delay of approximately 35 to 45 
minutes between intra-arterial injection and beginning 
of the response, (2) a peak response at 80 to 120 min- 
utes, and ($) a similar time interval for return to 
baseline (170 to 240 minutes). 

Forty experiments were performed on five ewes for 



analysis of the vascular responses to varying doses of 
estriol and estetrol. The dose-response curves depicted 
as t.he absolute change in uterine blood flow in millili- 
ters per minute are illustrated in Fig. 2. The maximum 
change in uterine blood flow for estriol was elicited at a 
dose of 1 Mg/ml ( 123 ± 19 ml/min, mean ± SEM), 
whereas estetrol required 30 ttg/m l ro attain a ^frnflar 
response (13 0 ± 20 ml/min, mean ± SEM). Any fur- 
ther increase in the dosage of estriol or estetrol did 
not increase the magnitude of the response signifi- 
cantly. Although estetrol produces uterine vasodilation 
equal in magnitude to that of estriol, it is approximately 
1£ to 30 times less potent o n an equal weight basis. The 
characteristics of the uterine vascular response to es- 
triol and estetrol for varying doses of the estrogens 
(micrograms) are shown in Table I. The mean onset of 
the vascular response was delayed 39 ± 2 minutes for 
estriol and 38 ± 2 minutes for estetrol, whereas the 
peak response occurred at 81 ± 2 minutes for estriol 
and 75 * 1 minute for estetrol. These values were not 
significandy different. The duration of the response to 
estriol was 241 ± 1 1 minutes, while the duration of re- 
sponse to estetrol was L89 ± 7 minutes. This difference 
was statistically significant (p < 0.05), 

Comment 

The placenta as an organ of fetal exchange is essen- 
tial in the maintenance of fetal homeostasis. Uterine 
placental blood flow is the single most important com- 
ponent of placental exchange and ariy alteration could 
have an adverse effect on the fetus. During pregnancy, 
blood flow to the uterus is markedly increased. This 
increase in blood flow is due to both vessel growth and 
local vessel vasodilatation. The blood vessels supplying 
the placenta progressively dilate, achieving a state in 
which minimal or no further dilatation can occur." Es^ 
trogens are known to be potent uterine vasodilators, 
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Dose (ug) 

Fig. 2. yterine vascular effects of estriol and estetrol, depicted as the change in uterine blood flow 
(milliliters per minute) versus dose of estriol and estetrol in micrograms administered. Thedasked line 
represents previously obtained data for 1 7/3-estradiol. 13 



and during pregnancy fetally and placentally produced 
estrogens could be important in the maintenance of 
uteroplacental blood flo w. In the second half of gest a- 
tioh, the production of estriol involves both the feta l 
fl |ind the placental units. 12 Recently a more polar estrp- 
" gen, estetrol (IStt-hydrpxyestrioi), has been described 
as a steroid which is almost exclusively produced byjf ie 
fetus. 7 7 l fl Since the fetus is one of the main sources of 
estriol and the major source of estetrol. it is conceivable 
that the fetus could be partially responsible for main- 1 
taming uteroplacental blood flow by modulating vascu- 
lar tone. 

In the present study, we have demonstrated that the 
intra-arteriai administration of estetrol produces uter- 
ine vasodilatation in the nonpregnant pophorecto- 
mized sheep. Esteprpl was approximately 15 to 30 times 
less potent than estriol in dilating the uterine vascula- 
ture of the nonpregnant ewe. However, the vascular 
response to estetrol was qualitatively similar in mag- 
nitude and duration to that of the other estrogens pre- 
viously studied in our laboratory and by others/ 1 ^' 13 
Previous studies have also shown that estriol and es- 
tradiol are approximately equipptent as uterine vaso- 
dilators in this animal model. 5, 13 Thus the present data 
suggest that local uterine and placental concentrations 



Table L Time of Onset, peak, and duration of 
response to varying doses pf estriq! and estetrol 



Dose (fig) 


Onset (min) 


Peak (min) 


Duration (min) 


Estriol 








0.1 


3.9 ± 5 


74 ± 3 


210 ± 12 


0,3 


44 ± 2 


82 ± 2 


263 ± 7 


1,0 
3 r 0 


38 ± 1 


85 ± 2 


243 ;± 10 


36 ±4 


83 ± 7 


247 ± 27 


Estetrol 








1.0 


42 ± 1 


74 ± 3 


184 ± .19 


3.0 


35 ± 4 


73 ± 5 


170 ± 17 


10.0 


3.8 ± 3 


75 ± 2 


198 £ 14 


30.0 


35 ± 1 


76 ± 3 


203 it 11 



of estetrol would have to be 15 to 30 times higher than 
either estriol or 17/^estradiol to be important in dilat- 
ing the uteroplacental vasculature during pregnancy. 
JnJ 974, Sriarra an pVco-wprker s* showed that maternal 
c irculating levels oTestetrol are apprpjgjnately 10 times 
less than those observed for estrio l. Thus, pn the 
basis of their report and our data it appears unlikely 
that estetrol occurs, in cpncentratipns high enpugh tP 
play a majpr role in dilating the uteroplacental vas- 
culature.. 

In the pvine rapdel, mpst estrogens have similar vas- 
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)Fig. 3. The structural formulas .of estrone, estradiol, estrioi, and estetrol are shown. Npte that the 
only structural difference between estripl and estetrpl is a hydroxy group at the carbon 15 position. 
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cular responses (onset, peak, and duration) but have 
different biologic potencies. These differences in po- 
tency may be explained by the ability of the compound 
to bind to the common estrogen cytoplasmic receptors. 
The receptor steroid complex, once formed, is then 
trahsferreid to the nucleus and a biologic response re- 
sults. The structures of 17£~estradipl, estrone, estrioi, 
and estetrol are illpstrated in Fig. I LJt is interesting to 
note that the addition of hydroxy g roup at the carbon 
15 position of estrioi greatly reduces its biologic p o- 
tency. This reduction in potency may be due to the 
altered polarity or molecular configuration of the com- 
pound. Since estetrol has hydroxy groups at carbons 15 
and 16, unlike 17/3-estradiol and estrioi, a greater con^ 
centration may be needed to reach and bind with the 
receptor. This may be due to increased stearic hin- 
drance at the estrogen receptor site. Since all estrogens 
compete for a common receptor site, it seems reasonr 
able tp assume that the vasodilator potencies observed 
in the nonpregnant ovine may also be extrapolated to 
other spedes. 

We wish to thank June Austin for her technical as- 
sistance. 
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Comparison pf Effects of Estetrol and Tampxifen 
with Thpsfc pi Estrip! and Estradiol on 
the Imrnature Rat Uterus 4 

C HOLINiCA 2 , jEL S. BRESSLER, D. fc. ZEHft 3 and E. G0RPiDE 

Department pf Obstetrics and Gynecology (Division of Reproductive Biology), 
Department of Biochemistry and Department of Anatomy, 
Mount Sinai School of Medicine (CUNY)* 
New York, New York 10029 

ABSTRACT 

The estrogenic: effects on this inimature rat uterus pf estetrol ll,3,5(i0)i^atriene-3,15tt, l£a, . ^ 
17/Mktrpll (E,,), a major metabolite of placental estrogens in the human fetus, and pf tamoxifen '~ 
(TAM), an an ti estrogen, were compared with those of estradiol (E ? ) and estripl (E 3 ). The com- 
pounds wen? injected s.c. daily, for .3 days, into 22- or.23 -day-old Sprague-Dawlcy rats at a dose pf 
50 Mg/10P g BW Pf E* fit TAM, and 1 /ig/lPO g PW of E z or E 3 . Tissue was collected 24 to 27 h 
after the third injection. 

jiptji E 4 and TAM increased uterine cytosol progesterone receptor (PR) content and PR/PNA. 
Progesterone receptpr levels per mg DNA were 1.7, 23 and 54 pjnpj in rhe control, E 4 arid TAM 
groups, re^fccrively. fcpdi cPmppunds showed estrogenic activity in raising uterine wet weight and 
content of total ;and soluble <cytpspl) protein. Tampxifen augmented DNA content but the effect 
of j*E 4 on this parameter was statistically significant in only one of two series of experiments. Speck 
. 6c induction pf soluble prottin, assessed by die ratio cy tosol/total prptein, was noted after E 2 or E 3 
injection, but not after treatment with E 4 or TAM. 

Evaluation of morphologic changes in luminal and glandular epithelium by light and electron 
microscopy indicated enhanced synthetic and secretory activity after administration of all fpur 
compounds. Estradiol and TAM changed the shape of luminal epithelial cells from cubpidal to tall 
cofuinriar, developed prominent Golgi systems and rough endopiasrnic reticulum, and promoted 
the formation of secretory granules. Similar but less pronounced ultrastructural changes were 
pbWrved after fe 3 or E 4 " treatment: the height of the luminal columnar epithelium was lower* 
microvilli were shorter and the secretory granules were absent. The ultrastructural changes in 
glandular epithelium paralleled those found in the luminal epithelium. Cell degeneration was 
observed in luminal and glandular epithelium after ;E 3 or E 4 treatment and, to a small degree, 
after TAM treatment. Estradiol prpduced this effect in glandular but not in luminal epithelium. 
Th : e phenolic steroids, but not TAM, increased the number pf uterine eosinophils significandy. 
TAM raised the endpmetrial/myometrial ratip ,of crpss-sectipnal areas signifiean dy, whereas E a , 
E 3 or E 4 showed a tendency tp lower those ratios. 

In general, E 2 treatment promoted the most marked changes, followed by TAM, E 3 and E 4 .. 
On the basis of the present biochemical and morphologic results, it is concluded that E 4 and TAM 
have estrogenic effects Pn tiie immature rat uterus. ftpWcver, the estrogenic potency of E 4 relative 
to E 2 pr E 3 vvas IdW at the dpsage and timing of .administration used in these experiments; effects 
of E 4 introduced into the circulation at a constant rate were not evaluated. These results suggest i 
that the co nversion pf .E, tp E« in the human fetus might repres ent an efficien t mechanism of ' 
jnactjvation of the placental hormone^ : : ■•*■••-■ ■'• : - ' ' ^~ 
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IWTROPUCTIDM 

Estetrol (j£ 4 ) is a major estrogen, metabolite 
in the human fetus (Hagen et al., 1965; Gurpide 
et al., 1966; Zucconi et al., 1967) and the 
question therefore arises whether the corn- 
pound has estrogenic properties or is an inactive 
metabolic epd product of estJradiol (E ? ) and 
thus represents a fetal metabolic pathway to 
neutralize the estrogenic action of Ej. Estetrol 
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was found to bind to estrogen receptors in the 
rat uterus (Martucct and Fishman, 1976) and in 
human endometrium (Tseng and Gurpide, 
1976, 1978) with an association constant 
much Ipwer than that of Ej. 

In the present study, the estrogenic activity 
of E4 was evaluated by its action oil the im- 
mature rat uterus in relation to that of Ei, 
estriol (E3) and tamoxifen (JAM), compounds 
which differ not only in their potency but also 
In their residence time on nuclear binding sites 
(Anderson et aL. 1975; Jordan et aL. 1977; 
Kpseki et.aL, 1977a), 

Changes in several biochemical parameters of 
the immature rat uterus in response to treat- 
ment with £4 vyere described in a previous 
publication (HpHnka and £urpide> *1979) f 
Uterine wet weight and luminal fluid content 
were elevated at 6 h after a single s.c. injection 
of E4 (50 Jig/100 g BW); protein content and 
alkaline phosphatase activity were increased 
at 48 h following administration of a second 
dose of E4 at 24 h, but DNA content was not 
significantly raised at that time. These effects 
were much smaller than those produced by 
estradiol at a dose of 1 pg/100 g .BW, similarly 
administered; the effects were also smaller, 
although not statistically different, frpm those 
obtained with E3 , also at a dose of 1 J*g/iP0 g 
BW. 

The purpose of the present series of experi- 
ments Was to extend these studies as follows: J) 
to compare the effects of E 2 . E3 and £4 
with those of JAM; 2) tp prolong the admin- 
istration pf the compounds to 3 days to defers 
mine whether E A and TAM are able tp increase 
uterine DNA content; 3) to test the ability of 
* these compounds to increase progesterone 
receptor levels; 4). to distinguish between 
effects pn total and cytospl (soluble) protein 
content; 5) to evaluate differential effects on 
luminal and glandular epithelium by light and 
electron microscopy; and 6) to compare by 
light microscopy the changes in the cross- 
sectional areas of myometrium and endo- 
metrium. 

MATERIALS AND METHODS 

This study involved two scries pf experiments. 
Spries A was .designed to determine the uterine res- 
ponse to three daily injections of E Jt E ? . E 4 and 
JAM by measurement of the following parameters 24 
to 27 h after the third injections PNA and total 
protein, both assayed in whole homogenate, wet 
weight and luminal fluid. Subsequently, series B was 
designed to determine the ability of the same com- 
pounds, on an identical injection schedule, to induce 



cytpsol progesterone receptors. Soluble (cytospl) 
protein and DNA were measured in the supematanr 
and pellet, respectively, after 1 h cenrrinijgapon ax 
105.000 Xg. 

Animals 

Immature Spra#ie-Dawley rats were purchased 
ftprh Ziyic-MUler Late.. Inc.. AliisOn Park, PA, and 
housed in pairs in a room used exclusively for these 
animals, which was kept at 2i-2? p C and on a ItLz 
Xl6 cycle, Purina lab oratory chow and tap water were 
freely avaflable. Injections were started at 22 or 23 
days of age. 

Chemicals and Buffers 

Crystalline E ? . E3.' prpgesterpne (P) and Cortisol 
(F) we re_ obtained from Stcraloick, Wilton. Nil. 
tamoxifen (free base) was a. gift from Swart Pharma- 
ceuticals (Division pf iCl United States. Inc.), Wilm- 
ington,, DE, and E^ was purchased frpm jhe tarpar 
Research Group Tcurrcnriy synsttroios. frOnstapt 
West Germany ), The purity of E, was verified by high 
pressure liquid chromatography and gas chromatog 
raphyrrhass spectroscopy, as reported elsewhere In-. 
greater detail (Hplinka juid Gurpide, 1979). Each 50^f| 
tig dose of E« was found to contain less rhap $ ng E 2 
or E 3 . Therefore, die maximum amount pf E, or E 5 
that might have been introduced with each injection 
was less than 3 ng, a dose which we dp pot consider 
sufficient to explain the E 4 effects reported in this 
study. The radiochemical purity of U,2- 3 H|^P (sp act 
55-7 £i/mmoj; Hew England Nuclear, Bostoii, M4) 
was verified by chromatography prior tp use. 

The buffer used in experimental series A was 10 
mM Tris (Sigma). pH 7.4; ip series B, 10 ipM Trjs, pH 
7,4, containing 1 mM EDTA (Fisher Scienp'jfic), i mM 
dithipthreitol (Calbipchem), 0.0.1% spplutn azide 
(Easpftan Kodak) and 30% v/v #ycerpl (Fisher Scica:- 
ufic). This buffer was also employed in the prepa- 
ration of the dcxtran-cOated charcoal .(PCC) suspen- 
sion (0.5% >iorit A, O.psVo Dextran T7Q. Sigma) used 
for the progesterone receptor assay. 

Treatment, Tissue Collection and Storage 

Estradiol, £ 3 , E 4 and TAM were disspjved in 
ethanpl. the solvent was evaporated after addition of 
0.25 ml propylene glycol apd the residue was dissolved 
in 25 rnl arachis oil (Planter's peanut pll) *P obtain a 
concentration of 2 ug/ml for E 3 and E3, and of ? 00 ^. 
ug/ml for E 4 and TAM. The compounds were admin|||| 
istered s.c. pnder the dorsal skin in the fpHowihg^^ 
arnounts per 100 g BWr 1 ug E- , i u g , 50 ug 
and 50 ug TAM- Control ipars received 0.5 ml of the 
vehicle. Injections were given daily, between 10P0- 
1400 h. Trie animals were lolled by cervical dislocation - 
between 24^27 h after the third injection. The uteri .* 
used for biochemical studies were cleaned of fat and v 
connective tissue, blotted with .0.9% saline-dampened -*p 
filter paper and weighed. Small transverse cuts were I 
subsequenriy made alopg each uterine.hom at *s*2 mm | 
intervals and the luminal fluid was removed by gentle j 
squeezing between saline-dampened filter fcaper. 
The uteri were reweighed tP obtain values for wet 
weight and. by diffcrepce, for luminal fluid ton tent. J^jr 
The tissue was then either stored at — 30° C for 0NA 
and protein assays Cseries A) or used fresh for P 
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receptor determinations (series B). The nuclear pellet 
and cytpsol aliquots of series B were kept frozen at 
r-30°C for OjNfA and protein determinations. 

Progesterone Heceptor (PR) Assay 

The PR assay was adapted frpm a protocol used by 
PeS et al. '(102) for the mouse and rat uterus. After 
brief storage in saline on ice, the uteri were minced 
and gently homogenized in a glass/glass homogenizer 
at a tissue/puffer ratio of 37.5 mg/ml. Ml subsequent 
steps were dope at Q-~4 P C. Cytospl (0.2 ml), obtained 
by centrifudng at 105,000 X g for I h, was incubated 
in triplicate in 3.2 X ID" 9 M [ 3 Hhprpgesterphe U 3 HJ- 
K plus 3.2 X lO" 7 M Cortisol (F) to determine total 
binding and in 3.2 X Hf 9 M l 3 Hl-P plus 3.2 X 10^ M 
p plus 3.2 X JO" 7 M P, to assess npnsaturable binding. 
MBfy steroids Were dissolved in ethanol and kept in 
Pli^% ethanoliuffer solution. Fifty microliters of 
that solution and, after 90-120 min of incupatipn, 
0.2 ml of DCC were added to each vial, which subset 
quendy was gently vprtexed and placed pn a rotating 
apparatus Fpr 8-10 min and thep centxifUgea* 10 mm 
a? 800 X g. Aliquots (0.3 ml) pf the supernatant were 
counted in 10 ml Pirpiscint (National Diagnostics) 
at an efficiency of 48%. 

The. tissue/buffer ratiP used in this study corres* 
ponded to 1.1-1.? mg protein/ml cytospl. The 
measured amounts pf receptpr-pound P were shown to 
be proportional to the protein concentration within 
that range. 

Three independent experiments testing the ap^ 
proach to equilibrium over a period from .2.5 to 180 
min of incubatipn showed maximum binding at 2 h, 
which remained stable to at least 3 h. At 1 h, over 90% 
of the .maximum was reached. 

An experiment to check the effect pf length of 
intubation showed that specific binding remained 
within 5% between 5-15 min after addition pf DCC. 

Dissociation constant values, obtained by $catch~ 
ard analysis, ranged from 5.5 X ID" 8 to 1.3 X 10"' 
M. 

«M and Protein Assays 

'^Hn experimental series A, defrosted tissue was 
homogenized at a tissue/buffer ratip of 20 mg/ml and 
quadruplicate aliquots were taken fpr DNA determi- 
nation (Barton, 1956). The hpiiiogenate Was again 
frozen at ~~3p°C for prptein assays (Lpwry et al., 
1951), in series B, triplicate aliquots fpr DNA and 
soluble protein were jtaken from the rehomogenized 
pellet and the stored cytospl, respectively. Calf thy- 
mus DNA (Sigma) and bovine serum albumin (Sigma) 
served as standards, 

heparaiipn of Tissue 
far Morphologic Studies 

Uteri Were removed from 3 rats in each treatment 
groups The left horn was placed in 10% fpnnalin 
overnight, then divided transversely into 4 pieces and 
* embedded in paraffin for uSe with light microscopy. 
Cross sectipns frpm different levels were stained with 
hematoxylin and epsin or with aldehyde fuchsan.^ the 
Ma>meo:ia|/raypme.triai ratios pf the cross-sectional 
areas were estimated from tissue stained with Masspn's 
trkhrome to enhance contrast between the two 
regions (Luna, 1968). An average of 13 cross sections 
ai each group were photographed and the area$ 
. fprresppnping tp the endometrium and myometrium 



were cut and weighed. Tissue pieces *vt mm 3 for 
electron micrpseppy were obtained from the mida^e 
third pf the right hum of each of the 3 animals in each 
treatment group- They were fixed in 0.1 M jphosphate 
buffered 4% gjuraraldehydc pH If A, for 4 h, fpted 
further in buffered 1% Osp 4 . dehydrated in a graded 
series pf ethanol solutions and embedded in Eppn 
(Luft, 1961). Silver to grey thin sections were Stained 
with uranyl acetate anp* lead citrate, examined and 
photographed in a Hitachi H$-8 electron microscope. 

RESULTS 

Figure 1 presents progesterone receptor (£R) 
levels 24-27 h after the last of three injections 
of E*. E 3 , E 4 Pt f AM given at 24 h intervals. 
All fpur cdiripoUnrls produced highly significant 
increases in PR concentrations relative to DNA 
(Fig. 1 A), A similar pattern emerged when PR 
levels were expressed per tptal protein (Table 
1), Estradiol produced the highest elevation, 
fpllpwtd by ?AM, £ 3 and E*; at comparable 
dosage, E ? was rriore effective than ft ? . and 
TAM was more effective than E 4 . However, 
when the PR levels were expressed as pmol 
specjfically-bound progesterone/mg cytospl pro- 
tein (Fig- IB), a quite different pattern of 
responses was noted. Progesterone receptors/mg 
cytpsol prptein after TAjM treatment became 
comparable to those afte r E 2 injections, large ly 
du e to the selective stimula tion of soluble 
prgtei n synthesis by E? but not byJAM . As 
shown in >'ig. 2, all compounds increased total 
as well as soluble proteins (mg protein/mg 
DNA) in the cell, put only E2 and E 3 raised the 
ratio of soluble to total protein, as indicated on 
top of the figure. From this It can be condutied 
that E 2 and Eg PPt not E 4 or TAM can pro- 
mot e the selective j nrrease of all nr snme of the 
soluble proteins present in the ryf"*" 1 f r rrTf>n 
at the pH and ionic strength of this buffer . 

Uterine wet weight increased sig^eahrjy in 
all treatment groups as a result of both hyper- 
trophy, shown by the gain in wet weight/t>NA 
ratio, and hyperplasia, shown by the increase in 
DNA content (Table 1), In agreement with 
results reported by terner 09£4) in relation 
to the effects of E 2 on the immature rat uterus, 
the total protein/wet weight ratios remained 
essentially unchanged by all treatments (Table 
1). 

Evaluation of the uterotropic effects of 
estrogens by measurerpent of amounts of PfcIA 
per uterus (Table 1) revealed clear changes 
after injection pf E 2 and £3 (rv°D and 40% 
increases, respectively). Estetrol and TAM, 
administered at doses 50-fold higher than those 
of E 2 and E3 t also provoked elevations in 
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Flfc. 1. Effect: of E 2 ,E 3 ,E 4 or YAM after 3 daily injections, administered at 24 h intervals, on progesterone 
receptor levels in the immature rat uterus, expressed A) per mg DNA and B) per mjr cycosol protein. Amounts 
of .compounds .injected ^ .per 100 g BW : JE a . 1 fig; E 3 , 1 ug ; E«, $0 #ig; 1TAJVI, 50 ug; control, oi ml aradiis 
oiL The animals were killed 24-27 h after the last injection. Progesterone receptor levels were determined in 
individual uteri by cytqsol (105,000 X g, for 1 h) incubation, in triplicate, with 3,2 X lbr* M pHl-prbgesterone 
+ 3.2 X ID" M Cortisol, in the presence or absence of 100-fold progesterone; bound and free steroids vere 
separated by dextrah-cqated charcoal. The number of raits in each treatment group appears aS an insert in each 
bar. 

Significance levels (Student's two-tailed t test) of differences from controls: •♦*<P<0.001); **P<0.0I; 
•P<P.05>. Significance: A) E 3 vs P<0.D5; fc 3 vs TAM: P<0.001 ? B) E 3 vs fc, N$; E 3 vs TAM= KO-POl. 



DNA content, but the increases were smaller 
CV2P and 30%, respectively). Of the three series 
of experiments carried out to determine wheth- 
er E4 could increase the ampunt of DNA per 
uterus I two in the present study and one 
already published (Holinka and 0urp?de, 
1979)1 , statistically significant differences from 
the control groups were obtained only in series 
B, in which the experimental conditions for the 
measurement of DNA produced an extremely 
low intraassay variance. 

Figure 3 illustrates values of parameters after 
1, 2 or 3 d^ily estrogen injections, This figure 
includes previously published data (fjolinka and 
Gurplde, 1979) on effects of E 2i E 3 and E4, 24 



or 3p" h after a single injection, and 24 h after 
the last of 2 daily injections. Control values 
were nearly identical in all experimental condi- 
tions. 

The effects of E ? ofi uterine wet weight (Fig. 
3 A) and luminal fluid accujriukripn (Fig. 3B) 
differed frpm those of E3 and E4 not only iji 
their magnitude, but also in the persistence of 
the rates of increase after a third injeedpn, 

Figures 3C and 3D show uterine DNA and 
total protein concent, respectively; In the 
E ? -treated group, both parameters Were mark* 
edly elevated at 48 h after the first of 2 injec- 
tions. This increase occurred mainly as a result 
of the first injection and was hot primarily 
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SOLUBLE AND TOTAL PROTEIN INEUgJlpN 
0-38 030 



SOLUBLE 0 . 29 0-.47 " — . 



0Z6 




£\ F|G. 2. Effect of 3 daily infcctfpn? of "v 
•or TAM on total protein, determined on whole homo- 
Jj« (bUck ban,) and soluble prot<*>, from *e 
Wm X g supernal (hatched bars). W 
solubie/total protein are. given 

details regarding injections and significance, see 

^S&K Soluble protein: E,*V***> 
vsTAM: P<0.01, 



due to the second dose, since the rise between 
24-36 h after a single injection was comparable 
to that at 4.8 h after the first of 2 injections. 
In contrast to the gain in wet .weight arid 
luminal fluid content after the third injection 
of E a . only small changes were observed m 
DNA and total protein (Figs- 3C,D). 

Morphologic Findings 

T orment With all four com p ounds resulted , 
. in^nugmt^^ morpholo^ 

feretory ^m^ T^^BLMM^ 



electron microsj^, Luminal epithelial pells 
c hanged Mr SSS&M to tall columnar after 
E 3 or E 4 injections. Glandular epithelial ceU? 
attained a tall columnar shape only after TAM 
treatment (Fig. 4). 

Uitxastructural Studies (Figs. *a~d) showed 
that treatment with £ 2 or TAM promoted the 
development of prominent £olgi systems ana* 
rough endoplasmic reticulum in luminal epi- 
thelial cells; Secretory granules containing a 
dense tore and a lucent halo were seen in their 
apices (Figs. 5b.d). Similar but less projigjgced 
r Wpc mtc o bserved after g Q^ treaDn£nj 
but secretory granules were absent, Microvilli 
were largest after £2 Or TAM treatment, but 
were more abundant only after E z , Degene^ 
aripn was observed by ligbt microscopy (Figs. 



4b-d) and cpnfirmed by electron microscopy 
(Fig 4f). Degeneration occurred in luminal and 
glandular epithelium after E 3 or E4 and tp a 
smaller degree after TAM treatment. Estradiol 
produced this effect in glandular but not in 
luminal epithelium. Ulttastrucrnral changes in 
the glandular epithelial cells generally paralleled 
rhose in luminal epithelium. No nuclear bodies 
were observed in epithelial cells either in 
controls or in any of the treatment groups. In 
contrast, considerable numbers of nuclear 
bodies have been found in the immature rat 
Uterus at an earlier, age (LeGpascogne and 
Baulieu, 1977). . 

Table 2 shows that the accumulation ot 
eosinophils throughout the uterus was strongly 
promoted by E 2 , an effect observed to a lesser, 
though statistically significant extent also afte^ 
E 3 or E 4 , but not after TAM mjepdp n.^ten 
ceUs were stgnlllclu^y decreased alter E 3 . E 4 V- 
or TAM, but not after treatment. J 

The ratio? of the endpmetfial/myometnaj 
cross-sectional areas decreased after E 2 , E 3 or 
E 4 but increased - significantly after JAM 
treatment. This indicates that TAM, in contrast 
to the other compounds, acted preferentially 
on the endometrium. 

Table 3 summarizes, for purposes of com- 
parison, the various biochemical and morpho- 
logic changes produced by E 2 , ,E 3 , E 4 and 
TAM. 




DISCUSSION 

The results of this study demonstrate an 
estrogenic response of the immature rat uterus 
to E 4 and TAM, as well as to E2 and E 3>> 
Which were meSured for comparison. At the 
doses and injection schedule choSeri for these 
experiments, this response occurred in a gradij 
ent in most biochemical, histological and 
nltrastructural parameters. With few excep- 
tions, E 2 treatment promoted the most marked 
changes, followed by TAM, E 3 and E 4 . 

The total uterine progesterone receptor (PR) 
content as well as PR per cell rose significantly 
after treatment with all four compounds. 
However, when PR was expressed per mg 
cytosol protein, the increase was significant 
only after E 2 and TAM treatment; it wks smajl 
after E 3 and negligible aft er E 4 injection. This 
suggests that imrm^mZ* treatment the 
increases in total uterine PR or PR per cell 
occurred as part of a general augmentation in 
protein synthesis which followed all treatments, 
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as indicated by the significant rise in soluble 
and total protein per DMA. 

However, this interpretation merits cautipn 
because it is based On changes of two param- 
eters (PR and cytosol protein) jn three cejl 
types (epithelial, stromal and myometnal). 
Both parameters may vary independently and 
that variation may occur to a different extent 
jn the three cell populations, as was recently 
shown in relation to estrogen receptor changes 
in the immature rat uterus in resppnse to short 
term E 2 treatment (McCbrrnaclt an*l ©asser, 
197$). it Js pb&sibie that the: significant in- 
creases in total PR after injections observed 
here reflect specific Ifc synthesis in *e 
endometrium, while the rise in soluble 
(cytosol) protein occurred mainly in the 
myometrium. 



Whether by enhanced general protein 
synthesis or specific receptor induction, 2nd 
TAM increased the total PR population per cell; f 
since target tissue responsiveness to a steroid * 
hormone is in par* reflected by the presence 01 
cytoplasmic receptors for that hoftnone, it $ 
can be concluded that E* and TAM are Capable 
of enhancing uterine responsiveness to proges- 
terone. The ability of TAM to augment the / 
PR concentration has previously been observed 
in me rodent Uterus (Koseki et al., 1977b; 
Jordan et al., 1978; Bichph and Bayard, 1979), 
as well as In human endometrium (Robel et pL, 
1978). On the basis of these observatjpns, it has 
been suggested that TAM might be a compound 
of choke in enhancing the therapeutic effect of 
progesterone with a minimum of estrogenic side 
effects (&obelet.a]L, 197$), 
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The hisitologjc changes in luminal epithelium 
induced by TAM appeared similar to $hose 
observed in immature rat uteri after nafpxidine 
ttearment (Clark fet at, 1978). Bo A tripheuyi- 
ethylene derivatives caused a marked increase in 



the height of the luminal epithelium which, m 
the present study, exceeded that induced' bv 
Ez- Electron microscopy revealed TAM^bduccd 
morphologic changes suggestive 0 f increased 
protein synthesis and enhanced secretory aitf 



EFFECtS^F ^, E,, E 4 <AND TAMO^EFEN ON SAT UTERUS 




Fiq. 4. Sections of immaturi? r^t ^it^ri shoeing the surface (visible on ton of each section *■ ~\ ^a V^x i 
Sf*^ f W t6> cpithd^ with r d 7oSS*^o^erff^ 

itt^trasft^^r *********** 

in the upper right corner, a^ef X480; f. X 4,900. ysospmes exmpmng less degraded contents arc seen 



absorptive activity, such as prominent rough 
endoplasmic reticulum (RER), enlarged Golgi 
systems and an elongation of the micrpvillt The 
uJti^tructulral changes m glandular epithelium, 
L*., an abundance of secretpry granules and 
prominent RER, likewise indicate augmented 
secretory activity. 

In agreement with previous reports on the 
immature rat uterus (Jordan, 1976; Jordan et 
a|-, 1970), TAM promoted increases in uterine 



wet weight and DNA. In addition, the present 
data show increased cytpsol arid total protein 
levels and a preferential effect on 0e endo- 
metrium. 

Estradiol and E 3 were Jfpund equally effec- 
tive in shdrt term induction, of eosinpphilia, 
measured 6 h after a single injection (Tcher- 
nitchin et ah, i976a,b). In contrast, our data 
shpw that E 3 was not able to sustain this effect 
on a long term basis. 
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The slight but steady rise in control values pf 
DNA, but npt of wet weight of total protein, 
between 24-72 h may indicate some 
mitotic activity without hyperttrophjr as 
a part of uterine development in 25H27- 
day:pld rats. 

All four compounds promoted iugmV 
signirieaht increases in soluble (cytoso!) protein 
as well as total protein per cell. It appeals, 
however, that E 4 and TAM were not able to 
influence soluble prptein synthesis seicctively, 
since only Ej and E ? fararmeitt produced a 
marked increase in soluble/total protein ratios 
over control values. Since most myosin and 
much pf the thin fialment protein of smooth 
muscle are extractaple at lpw ionic strength 
(Murphy and Megerman, 1977), it is possible 
that increased protein levels of mypmetrial 
origin contributed to the elevation in soluble' 
total prptein ratios in response to E 2 and E.< 
treatment This effect was not obtained by 
TAM administration, which appears to haw 
stimulated only the endometrium. 

Results of other investigatprs (Anderson et 
al., 1975; Harris and Gprski, 1978) have show 
that the effects of E ? on uteri of scxualir 
immature rodents are influenced not only by 
the dose administered but alsp by the schedule 
of aaministration. This consideration is relevant 
to the evaluation of the estrogeriici ty pf E4 in 
the present series pf experiments, since it is 
possible that a continuous supply pf E, m*> 
lead to stronger estrogenic effects. It should . be 
mentioned in this connection that E 4 increases 
the levels of progesterone receptors and ihe 
incprppratipn of [%) -thymidine in MCF^ cdh 
when added to the culture medium (Kreitnunn 
andBayarii, 1979). 

In spite of this limitation, it can be cor , 
eluded that E fl is ca pable , of stimulating u'tennt. 
growth an J protein syn diesis, althouph ii ft 
considerably less effefW rh^ p, \? ph»m.*: 
nig an Increase in uterine PftTA under the saw 
injection schedule The present retire: whir 
contrast with those from pther studies 
eluding that E 4 had no effects on the inuiiai--- 
tat uterus (Fishman and Martucci* 197$»- 
pertinent tp questions related to the role 
the compound formed endpgenously «Jur.x 
human pregnancy plays in the development ' 
the fetus. 
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Part I Reproductive Physiology 



dehydrogenase and the mechanism appeared to be independent of the estrogen receptor. 66 The increase 
in DHAS secretion by the fetal zone is a consequence of suppression of the gene (HSD3B2) that 
controls 3P-hydroxysteroid dehydrogenase expression; transcriptional factors necessary for the activity 
of this gene are absent in the fetal zone. 67 The hyperplasia of the fetal adrenal may be the result of the 
high ACTH levels due to the relatively low Cortisol levels, a consequence of the enzyme inhibition. 

The development of the adrenal gland during human fetal life and during the neonatal period is paral- 
leled in the baboon. 68 The adrenal cortex of the fetal baboon is characterized by the same deficiency in 
3P~hydroxysteroid dehydrogenase as that seen in the human, with the same diversion of steroidogenesis 
into production of DHAS. Treatment of the neonatal baboon with estrogens and progesterone did not halt 
the regression of the fetal zone and DHAS production, arguing against the hypothesis that the fetal zone 
• is dependent on an estrogen-induced deficiency in 3 P-hydroxy steroid dehydrogenase. Treatment of the 
pregnant baboon with estradiol reduced production of DHAS. 69 It continues to be uncertain, however, 
whether the internal microenvironment of the adrenal gland can be affected by the exogenous adminis- 
tration of steroids. In the monkey, epidermal growth factor can increase the 3P-hydroxysteroid 
dehydrogenase content in the fetal adrenal gland, but it is not clear how this action is regulated. 70 

This explanation (estrogen regulation of 3 P-hydroxy steroid dehydrogenase) is further challenged by 
in vitro studies of human fetal zone cells indicating that estradiol and IGF-II combine to direct 
steroidogenesis to DHAS in a mechanism not due to inhibition of 3p~hydroxysteroid dehydrogenase. 63 

Nevertheless, it is an attractive and useful hypothesis to view the principal mission of the fetal adre- 
nal as providing DHAS as the basic precursor for placental estrogen production. Estrogen, in turn, 
feeds back to the adrenal to direct steroidogenesis along the A 5 pathway to provide even more of its 
precursor, DHAS. Thus far, this is the only known function for DHAS. With birth and loss of expo- 
sure to estrogen, the fetal adrenal gland quickly changes to the adult type of gland. 



Measurement of Estrogen in Pregnancy 

Because pregnancy is characterized by a great increase in maternal estrogen levels and estrogen produc- 
tion is dependent on fetal and placental steroidogenic cooperation, the amount of estrogen present in the 
maternal blood or mine reflects both fetal and placental enzymatic capability and, hence, well-being. 
Attention focused on estriol because 90% of maternal estriol is derived from fetal precursors. The end 
product to be assayed in the maternal blood or urine is influenced by a multitude of factors. Availability of 
precursor from the fetal adrenal gland is a prime requisite, as well as the ability of the placenta to perform 
its conversion steps. Maternal metabolism of the product and the efficiency of maternal renal excretion of 
the product can modify the daily amount of estrogen in the urine. Blood flow to any of the key organs in 
the fetus, placenta, and mother becomes important. 71 - 72 Fetal hypoxemia due to reduced uteroplacental 
blood flow is associated with a marked increase in adrenal androgen production in response to an increase 
in fetal ACTH and, in response to the availability of androgen precursors, an increase in maternal estrogen 
levels. 73 The response to acute stress is in contrast to the effect of chronic uteroplacental insufficiency, 
which is associated with a reduction in fetal androgens and maternal estrogens. In addition, drugs or 
diseases can affect any level in the cascade of events leading up to the assay of estrogen. 

For years, measurement of estrogen in a 24-hour urine collection was the standard hormonal method 
of assessing fetal well-being. .This was replaced by immunoassay of unconjugated estriol in the 
plasma. 74 Because of its short half-life (5-10 minutes) in the maternal circulation, unconjugated estriol 
has less variation than urinary or total blood estriol. However, assessment of maternal estriol levels 
has been superseded by various biophysical fetal monitoring techniques such as nonstress testing, 
stress testing, and measurement of fetal breathing and activity. Modem screening for fetal aneuploidy 
(discussed later in the chapter) utilizes three markers in the maternal circulation: alpha fetoprotein, 
human chorionic gonadotropin, and unconjugated estriol. 

Amniotic Fluid Estrogen Measurements 

Amniotic fluid estriol is correlated with the fetal estrogen pattern rather than the maternal. Most of the 
estriol in the amniotic fluid is present as 16-glucosiduronate or as 3-suifate-16-glucosiduronate. A small 
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ABSTRACT 

Objective*; To determine whether human sex hormone binding globulin (SHB0) hinds 
estetrpl (E 4 ), and to assess whether E 4 stimulates the production of SHBG by human 
hepatopytes. 

Methods Competitive %and binding ass ays have been used to 'assess the relative 
bmding affinity of E 4 to human SHBG using either [ 3 H]5a-dj^ydrotestosterone or 
[ Hjestradipl as labeled ligands. The effect of % pri the production of SHBG has been 
assessed by a fluprpirnmunometric assay in wild-type human HepG2 cells and in human 
Hep89 cells that over-express the ..human estrogen receptor (ER) a, and compared to the 
effect of etianylestradipl, estradiol and estripl. 

Results There was no detectable binding of E 4 tp the human SHBG steroid-binding 
sites. By contrast, testosterone and .estradiol were bound with high affinity and the 
synthetic estrogen, ethinylestradioi was found to bind SHBG with low affinity. Estetrol 
does not stimulate ER^mediated increases in SHBG production by HepG2 pr HepS9 
cells, in contrast to ethinylestradioi, estradiol and estriol. 

Conclusions These data indicate that SHBG "has no influence on the plasma 
distribution pf E 4 or its availability to target tissues. In addition, it is .shown that E 4 
has np effect >on SHBG production by human hepatocytes. 



iNIllODUCTlON 

The liver is the major site of synthesis of plasma 
steroid-binding proteins, including sex .hormone 
binding globulin (SHBG). These plasma steroid- 
binding proteins not only transport steroids in the 
blood but, in some cases, function tp regulate then- 
access tp target tissues 1 . Most natural androgens 
and estrogens, and several synthetic sex steroids, 



bind to human SHBG with high affinity, and these 
interactions determine the distribution of these 
steroids between the protein-bound and npn- 
prptein-bound fractions in blood plasma. This is 
important because only non-protein-bound or 
'free' steroids are thought to gain access to target 
tissues 2 . Increases in the plasma concentrations of 
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SHBG occur after admhiistratiQn of exogenous 
estrogens and during pregnancy due to the 
increase of endogenous estrogens. This increase 
in SHBG can have a marked impact on the plasma 
distribution and tissue availability of endogenous 
as well as exogenous SHBG ligands. For instance, 
oral administration pf ednnylestradiol (EE) as a 
contraceptive agent will increase plasma SHBG 
levels 5-10-folcL This not only reduces 'free 11 
testosterone levels but will also reduce die 'free' 
levels of several contraceptive progestins that bind 
with high affinity to human SHBG, and which are 
often cp-administered in the drug formulation. 

In the development of any new estrogenic 
pharmaceutical, it is therefore important to 
evaluate its effects on plasma SHBG levels and 
to determine whether binding to SHBG will 
influence its access to target tissues, In this report, 
the relative binding affinity (RBA) of human 
SHBG fpr estetrol (E4) has been evaluated and 
compared ivith natural androgens and the natural 
estrogen estradiol (E 2 ), as well as the widely used 
syndetic estrogen, EE, which is known to bind 
human SHBG with low affinity 3,4 . This was 
accomplished using an established competitive 
steroid-binding assay^. In these assays, both 
radiolabeled androgen and E 2 were used as tracer 
because recent crystallography experiments have 
indicated that androgens and estrogens occupy the 
human SHBG steroid-binding site in quite differ- 
ent orientations 6 . 

This study has also investigated whether admin- 
istration of E4 influences the hepatic production 
and secretion of SHBG in a hepatocyte cell model, 
which consequently may predict changes in its 
plasma levels. This was done by culturing, in the 
absence and presence pf E^ the human hepatoma 
cell line HepG2 and the hepatoma cell line Hep89, 
over-expressing the estrogen receptor (ER) joe 
Other estrogens were used as control, including 
% the weak natural estrogen, estriol (E 3 ), and the 
potent synthetic estrogen, EE. 

METHODS 
Steroids 

Estradiol, * E 3 , EE, testosterone and 5a-dihydro- 
testosterone (DHT) were purchased from Ster- 
aloids Inc, (Wilton, NH, USA) and used without, 
further purification* Estetrol was supplied by 
Syncom (Grouingen, The Netherlands) and its 
purity was validated by the supplier. Stock 
solutions of unlabeled steroids were prepared in 
ethanol and diluted farther in phosphate buffered 



saline (PBS) or culture medium, a$ indicated 
below. Radiolabeled steroids [ 3 H]DHT 
( 3 H]Ei were obtained from PerkinEImer Life 
Sciences (Boston, MA, USA) and used without 
further purification. 

Human SHBG 

HuEaan SHBG was purified from transgenic 
mouse serum, as described previously 7 . The hu- 
man SHBG prepared in this way was assessed t£> 
be >99% pure by polyacrylamide gel electro* 
phoresis under denaturing conditions, and its 
steroid-binding characteristics are ind^tmguish- 
aHe from SHBG purified from human serum 7 . 

SHBG steroid binding assays 

An established competitive steroid-binding assay 
was used to determine the relative binding affinity 
of E4 for human SHBG*. This assay involves the 
use of pure human SHBG (see above) and 
[ 3 H]DHT or [ 3 H]E 2 as labeled ligands. In brief, 
human SHBG was treated for 30 min at room 
temperature with a dextran-coated charcoal 
(JDCC) suspension in phosphate buffered saline 
(PBS) to remove steroid ligand. After centrifugal 
tion (2000 x g for 10 min) to sediment the DCC, 
the supernatant containing the human SHBG was 
cUluteiin PBS to a concentration of 1 nmol/l based 
On its steroid binding capacity. Duplicate aliquots 
(100 jA) of this human SHBG solution were then 
incubated with an equal volume of either 
[ 3 H]DHT or [ 3 H]E2 at 10 nmoW, together with 
100 $ of PBS alone or the same amount of PBS 
containing increasing concentrations of unlabeled 
steroid ligands as competitors in polystyrene test 
tubes. After mcubation for 1 h at room tempera- 
ture, the reaction mixtures were placed in an ice 
bath for a further .15 min. Aliquots (.60.0 [A) pf an 
ice-cold suspension of DCC wete then added to 
each tube and, after a brief 2 s mixing, each tube 
was incubated in an ice bath for either 10 mm Or 
5 min, depending on whether [ 3 H]DHT or flWz 
was being used as labeled ligand, respectively. The 
UTiboUnd ligands adsorbed to DCC were then 
removed by centrifugatiOn (2000 x g for 1.5 miti 
at 4°C), and the amounts of 3 H4abeled ligands 
bound to SHBG bound in the supernatant? were 
counted in 2 ml scmtulatKm cocktail using a liquid 
scmtillation spectrophotometer (JPerldnEhner Life 
Sciences, Turku, Finland). 

The average amounts of 3 H-labeIed ligands 
bound to SKtBCx at each concentration of compe- 
titor were expressed as a percentage of the average 
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Figure ! Cpmpetidye displacement of [ 3 H]£HT (a) and [ 3 fflE2 (b) from .the human sex hormone binding globulin 
steroid-bmding site, the unlabeled steroid ligands used as competitors were as follows: PHT, 5a-dmydrptestost^ 
one; T, testosterone; E2, estradiol; EE2, ethinylestradipi; E4, estetrol 



amounts pf 3 H-labeied ligarids bound to SHBG in 
tJbe absence of competitor, and were plotted 
against the concentration of competitor in each 
assay tube, the RBA for each competitor was then 
determined as a ratio of the concentration of 
steroid competitor resulting in a 50% reduction in 
specific binding pf ( 3 H]PHT or [ 3 H1E 2 relative to 
the concentration of DHT or E 2 required to 
produce the same effect, respectively, 

SHBG production assays 

Wild-type HepG2 cells from the American 
Tissue Type Collection and Hep39 cells that 
OVerHBXpress the human ER« (provided by Dr 
Michel fugeat) were routinely rnaintained hi 
Dulbeccp*s modified Eagle*s medium (DM&M) 
containing phenol red and 10% fetal bovine 
serum (EBS) in the presence of antibiotics 
' (penicillin and streptomycin). Prior to the 
experiments, cells were passaged once in 
phenol-red free DD$EM + 5% charcoal-stripped 
FBS and antibiotics. They were then plated at 
50 000 cells/well in 24 well plates and grown to 
§0-90% confluence. The medium was removed 
and jthe cells were washed with PBS prior to the 
addition of phenol-red free culture medium that 
either lacked (control) pr contained increasing 
condensations (0,1 nmol/M jmol/l) of E 2 , E 3 , 
E 4 or EE. Aliquots (0.25 ml) of medium were 
removed from the cell cultures in 24 well plates 
at 24, 48 and 7% h thereafter, for measurements 
of huinan SHBG concentrations using a sensitive 
and specific time-resolved fluoroinnnunometric 



Table 1 Relative binding afnmties of steroid ligands 



Ligand tested Relative 


binding affinity (MA) 


PITT competition assay* 




DHT 


100.00 


Testosterone 


40.00 


Estradiol 


6.90 


Ethinylestradiol 


0.08 


Estetrol 


»0.00 


Estradiol competition assay* * 




Estradiol 


100.00 


Ethinylestradipi 


2.Q2 


Estetrol 


>0.00 



*ftBA djetermined as a ratio of the concentration of 
steroid competitor resulting in .a 50% reduction in 
specific binding of | 3 H]DHT to the concentration pf 
DHT required to produce the same effect multiplied 
by 100 

**R£A determined as a ratio of the concentration pf 
steroi4 competitor resulting in a 50% reduction in 
specific binding of [ 3 H]E2 to the concentration of 
estradiol required tp produce the Same effect multi- 
plied by 100 



REStfLTS 

Estetrol does not bind to human SHBG 

The results pf the competitive steroid bincfing 
assays using pure human SHBG together with 
[ 3 H]t)HT and fHfEz are shown graphically in 
panels (a) and (b), respectively, of Figure J, These 
data show mequivocally that JL* does not interact 
at all with the human SHBG steroid-binding site. 
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By comparison, the natural steroid ligands E^ and 
testosterone of human SHBG produced the 
expected displacement curves* and displacement 
of both [ 3 H]DMT and [ 3 H]E2 from the SHBG 



steroid-bmding site was also observed to a lesser 
extent with the synthetic estrogen EE. A summary 
of the EBAs of ligands tested in these assays is also 
presented in Table 1. 
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Figure 2 Human SHBG concentxatipns (pmol/1) in 100 jA culture medium pf HepG2 and Hep89 cells after (a) 24, 
(b) 48 and (c) 72 h exposure to mcreasm^.concentratious pf estetrpl (hollow triange.s, E4), estrioi (solid trianges, 
ethinylestradiol (hollow circles, E£ 2) and estradipl {solid circles, E2). Data ppints represent means ± SEM of 
duplicate measurements of samples taken from duplicated cultures 
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Estetrol does npt stimulate ERa-mediated 
increases in SHBG production by HepG2 
or Hep89 cells ' 

When wild-type HepG2 cells were exposed to 
phenol-red free medium contahiing 0.1 ninol/l- 
1 /zraol/1 concentrations of estrogens, E 3 pr £4 
foiled to increase the SHBQ acomiulation in the 
medium even after 72 h, and significant increases 
in SHBG accumulation in the medium were only 
observed at 04 and X #moVI E 2 and 1 fimol/l BE 
at this time point (Figure 2), The estrogenic 
response in Hep89 cells was clearly more robust 
With respect tp the increased SHBG accumulation 
in the me&um, which was already evident within 
24 h of treatment with as little as 1 nmol/1 E 2 
(Fijpire 2). Increased SHB0 accumulation was 
also observed after 24 h of treatment with 
100 nrnpl/l EE or with 1 ymoW E 3 (Figure 2). 
By contrast, E 4 failed tp increase SHBG produc- 
tion by the Hep89 cells in a dose-dependent 
manner over the 72-h incubation period 
(Figure 2), 

TDISCUSSION 

Estrogens are known to interact with SBB0 
metabolism by (1) increasing its production and 
(2) binding to it- Estetrol has not been stuc%d as a 
potential human SHBG ligand previously. 

The binding of steroid ligands to human SHBG 
was assessed using both fHJDHT and [ 3 H]E 2 as 
labeled ligands. The RBA data obtained using 
[ 3 H]DHT as labeled ligand are in good agreement 
with previous repprts 1 . The results clearly indicate 
that Z4 is incapable of displacing f HjDHT from 
the human SHBG steroid-binding site, even at 
concentrations approaching its solubility limit in 
the assay buffer. This was alsp confirmed by using 
[ 3 H]E 2 as labeled ligand. In these studies, EE Was 
used as an example of a iow affinity SHBG ligand. 
In the assay in which [ 3 H]PHT was used as 
labeled ligand, EE displayed an approximately 90- 
fold lower affinity for human SHBG when 
compared to £ 2 . This is in line with several 



previous estimates of the RBA of human SHBG 
for EE using different assay methodologies 3 ' 4 . 
When [ 3 H]E 2 was used as the labeled ligand, EE 
displayed an approximately 50-fold lower affinity 
for human SHBG when compared to E 2 . This can 
be explained by the different orientation pf 
androgens and estrogens in the human SHBG 
steroid-binding site 6 , and illustrates the impor- 
tance of performing these types of competition 
studies with different labeled ligands. 

The consequence of the absence pf binding of E4 
tp human SHBG is that changes in the plasma 
levels pf this protein will not influence the access 
pf E4 tp its target tissues. 

Hie ERa-dependent effect on SHBG produc- 
tion of the estrogens E 2 , E 3 , E 4 and EE was 
investigated using the HepG2 and Hep89 cell 
lines, E$tetrpl did npt stimulate the production pf 
SHBG in either cell lines, indicating that E 4 is not 
likely to influence the plasma levels of SHBG. This 
is important since the plasma distribution of the 
natural steroid ligands, such as E 2 and testoster- 
one, pi: several synthetic progestins depends on the 
binding of these ligands to SHBG. 

The other estrogens E 2 , E 3 and EE all show a 
dpse-dependent ERa-mediated increase in the 
production pf SHBG. this increase in the SJHBG 
production i$ the strongest for E 2 , while additlpit 
of E 3 and EE resulted in a comparable increase in 
SHBG. 

In addition, E 2 and EE also increase SHBG 
production in the HepG2 cell line, lacking the 
ERa. However, this is observed only after 72 h pf 
incubation and at the highest concentrations. 

The absence of a stunuiatory effect of E4 on the 
synthesis of SHBQ suggests that E 4 may exhibit 
less interaction with liver function compared to 
other estrogens 
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